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ABSTRACT
An in situ measurement technique that isolates the mobility o f charge carriers 
is described and analyzed. The technique allows significant improvement over 
conductivity measurements to monitor changes in the physical properties and state of 
a material as it cures. This is essential in systems where Ni, the number of charge 
carriers, cannot be assumed constant such as during cure of epoxies, urethanes and 
polyimides.
Currently, there is an assumption made in the literature that the number of 
charge carriers present in a curing material is constant when conductivity is used as 
an in situ measurement technique to monitor changes in mobility (and thereby 
viscosity). This assumption is widely used, for example when dielectric conductivity 
measurements are correlated with changes in properties such as viscosity. Ion 
mobility, time of flight (ITOF) measurements, which are described here, are an 
appropriate technique to isolate and measure particle mobility due to changes in the 
state o f the material. Furthermore, the ITOF technique, coupled with the measurement 
of a , the ionic conductivity, allows one to measure separately changes in the mobility 
and the number of charge carriers due to curing or changes in temperature. This is 
possible since conductivity is the product of the number o f charge carriers and their 
mobility. Length of pulse, strength of applied field, sensor geometry, and 
temperature/viscosity are examined to determine optimum parameters of 
measurement for both a simple non-curing system, and more complex, hydrogen- 
bonded epoxy.
The second focus of this thesis is our recently developed single stage in situ 
synthesis of hybrid membranes comprised of nanometer- sized metal and metal oxide 
particles in polyimides. The major goal is development o f polymer based structural 
materials designed to achieve exceptional performance properties regarding gas 
permeability and gas separation selectivity, particularly in regard to their thickness, 
modulus, and strength to weight ratio. We investigate hybrid inorganic-polyimide 
films where the nanoparticle inorganic phases are o f two types: 1) nanometer-sized 
rare earth (lanthanum, gadolinium and holmium) oxide molecular clusters and 2) 
nanometer-sized palladium and silver metal clusters. For the polymeric phase we 
used aromatic poly(amic acid)s-polyimides because of their strength and chemical 
and thermal stability. Nanoparticle-polyimide hybrid films were synthesized by 
extension of novel methods. They are distinctive in that they are in situ and single 
step routes to the uniform distribution of nanoparticles in the polyimide. This method 
is important because it disperses the nanoparticles uniformly within the film, and 
under certain conditions it allows for preparation of surface metalized films with 
metals such as palladium and silver. Our in situ procedure gives metal-polymer 
adhesion significantly stronger than can be accomplished by the physical vapor 
deposition. Appropriate selection of the cure time-temperature and cure gas 
environment may control the size and dispersion o f nanoparticles in the film and the 
presence, size and thickness of nanoclusters at the surface and in the bulk.
xi
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21.0 General Introduction
Polymers are established fixtures in our lives. Our computer keyboards, 
airplanes, clothing, and food containers, to name just a few items, are all made from 
polymers. Consequently, the study of polymer chemistry and characterization also 
encompasses a variety o f fields.
Polymers can be both in liquid or solid form. Prior to polymerization, or 
increasing the chain length of polymers through chemical and thermal reaction, 
thermosetting polymers are in liquid form. Depending on the nature o f the 
polymerization reaction, many polymers may stay in a stable liquid form for a long 
period of time.
Ions move through polymer liquids much like they move through a 
conducting solid. The rate that an ion is able to travel a fixed distance due to an 
induced field is measurable by the accumulation of current at a set location. 
Depending on the barriers encountered by ions on both macroscopic and microscopic 
levels, in addition to its own character (size and ease of movement, or mobility), the 
rate o f travel may be slow or fast, relatively speaking. This, in a very rudimentary 
fashion, is the basis for the measurement technique presented in this thesis (Chapters 
2, 5, and 6). One may appropriately call this measurement a time-of-flight technique, 
chronicling the time of travel for this ion to traverse the distance fixed by the 
investigator. This technique offers a distinct improvement over the commonly
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3accepted assumptions used in understanding the relationships of conductivity, 
mobility, viscosity, and number of charge carriers in an epoxy system.
This investigation of the molecular motion was furthered by applying the 
understanding of motion through liquids to the motion of gas particles through solid 
polymer fdms (Chapters 3, 7, and 8). Tremendous industrial interest is focused on 
cheaply fabricated films for a variety of uses including wrappings, coatings, and 
selectively permeable membranes for gas separation. Flexible polymers are used by 
consumers everyday in food packaging, clothing, and medical supplies, while 
reflective, flexible polymers have unlimited potential and current application in space 
technologies. Just as a good waterproof jacket will allow air to pass through fabric 
but be impermeable to water, the same type of selectivity is desired to allow some 
gases to travel across a medium while presenting a barrier to others. The mechanism 
o f fine-tuning such capabilities is part o f the focus of the permeability experiments.
Overall the goal of gaining a better understanding of molecular motion is 
obtained through the two studies, one of a polymer thermosetting liquid, and one of a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4solid polymer-metal hybrid thin film.
The research described herein is divided into two main sections: a study on a 
measurement technique designed to measure the mobility of charge carriers within a 
liquid epoxy resin, and the synthesis and consequential permeability effect of metal- 
polyimide hybrid nanocomposite membranes. The chapters are divided between 
these two projects, ultimately presenting summary conclusions on mastering the 
understanding o f transport through polymers.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52.0 Background and Literature Review
This chapter contains both a overview o f the state of the art and a comprehensive 
literature review. Important terms and a historical perspective are provided. In addition, a 
general discussion of the present-day applications and challenges to the analysis of 
molecular transport through a polymer medium is described.
2.1 Ionic Mobility Measurements: State of the Art
The concept o f time-of-flight measurements is familiar to most scientists in the 
context of mass spectrometry analysis of ion flight times. The ability to measure the 
amount of time an ion takes to travel a fixed distance allows the analysis o f mass via 
velocity, and thereby chemical identification by sorting out the lighter ions from the 
heavier, slower ones. These types of analyzers examine ions with times-of-flight on a
1 3microsecond order o f magnitude ' .
All ions are accelerated and enter an electric field-free region with the same kinetic 
energy, KE4.
KE = qNiE s 
[Equation 2.1.1]
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6where q is the electron charge and Nt is the number of charges. Since every ion’s 
velocity is inversely proportional to its mass, m:
v =
^ E s 1/2
m
[Equation 2,1.2]
The flight time of the ion, t, is calculated from the square root of the mass and 
distance o f the field-free drift region, D.
m
1/2
D
[Equation 2.1.3]
Such technology has been widely used as in instrumental analysis for the past 50 
years2. However, less attention has been applied to studies o f ionic motion in non­
vacuum, liquid mediums using a time-of-flight styled technique.
2.1.1 The Problem of Isolating Mobility Measurements
Ion mobility due to external perturbation (radiation, electric field, etc.) has been 
examined on a variety of levels and for different reasons.
The conduction mechanism in polymers typically involves proton transfer, but 
ions may also travel through a material via other types of transport5’6. The assignment of 
conduction mechanism is far from trivial, and each polymeric material may have a unique
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7set of mechanisms. Self-ionization, proton transfer, and transfer o f both proton and 
electrons are all possibilities. Doping compounds with addition o f charge carriers may 
help identify the transport mechanism.
Winokur, et al, measured current versus time in a charged electrode experiment 
and directly determined the mobility of the particles o f interest in a liquid dielectric 
material. A theoretical model was established to predict charge carrier motion and 
distribution during movement7. This work showed that the time-of-flight technique could 
be used to measure the rate of arrival of charged particles as they reached an electrode.
As all ions had finished their journey, the current measurement should taper as all ions 
are collected or neutralized at the oppositely charged electrode (Figure 2.1.1).
sn
<D
a
3
u
Time
[Figure 2.1.1]
The mobility can be determined from the equation:
Vt
[Equation 2.1.4]
Where p is the charge carrier mobility, V is the applied field, d is the space between the 
oppositely charged electrodes, and t the drift time (derived in section 5.3.3). This time is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8defined as either the time between the beginning of the applied pulse and the maximum 
current (or ion arrival time)8’9, or the time from the applied pulse until the current value 
has returned to one-half the so-called “steady-state” value10,11. Our work used the former 
nomenclature as our ion-time-of-flight.
Internal field and electrode surface effects12 have been examined showing that 
careful understanding o f all testing materials is crucial in interpreting the mobility of 
charge carriers. Background potentials produced by a reactive container or electrode 
surface could significantly affect and invalidate the drift velocity o f charged particles.
Free volume models have sought to predict the temperature dependence of 
polymer chain segment behavior by allowing that diffusion can only occur in a polymer 
with sufficient space between chains to permit movement between them. A tightly 
packed polymer will allow very little or no movement if at all and mobility will be 
strongly inhibited13. Below the temperature of the glassy transition, Tg, the free volume 
of a polymer is fixed. Therefore, other models dictate the mobilty of the chains in the 
glassy state. The free volume model can also applied to the conductivity of a system in 
the temperature range above Tg to Tg +100°C, where there is a strong relationship 
between a material’s conductivity and viscosity14. These types of studies have shown that 
ion conductivity alone is a good technique for monitoring the reaction advancement of a 
system during reaction when correlated with other measurement techniques.
In an effort to characterize various chemical systems using ion conductivity as a 
means of polymer cure monitoring and control15' 18, some background time-of-flight 
experiments have been performed19 including studies involving biopolar membranes20. 
These “modified free-volume studies” emphasized that ion conductivity is a function of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9both ion mobility and mobile ion concentration, two independent factors that are often 
lumped into a single quantity. The validity of this experimental technique was 
established as a means to determine the ion mobility of polymers, and that time-of-flight 
can be monitored both before and after gelation during the polymerization process.
Study o f the concentration and mobility of charge carriers was furthered by 
Toumilhac, et al21. This work comments on the theoretical grey areas of time-of-flight 
measurements and attempts to provide a presentation of relaxation processes without a 
fitting procedure. These experiments measured a “long” time scale relaxation process, 
from 10 ps to 1 hour, using a time-of-flight method. They report mobilities on an order 
o f magnitude of 10'6 cm2/v -s  for their ions in liquid crystal materials at room 
temperature, and 1012 for their value of charge carriers (each with a charge of 1 electron) 
in their sample. This method was also applied to several solid, ferroelectric materials. 
Monitoring different arrival times isolated different charge carriers.
2.1.2 Application Potential of the Method -  Motivation
This thesis seeks to understand the challenges presented by the time-of-flight 
measurement technique and to further the art in an effort to perfect the technique in order 
to allow it to be applied to broader applications.
If a method of isolating the mobility of a species in a material were simple and 
easily applied to a variety of systems, it would most certainly advance the field of in situ 
measurement techniques for characterization of polymers. By having a direct measure of 
the mobility of ionic species, one could better understand the dynamic relationship 
between macroscopic and microscopic behavior o f a material.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
Background Time-of-Flight Theory
Typically the electrical conductivity, a , is obtained through dielectric 
measurements using an in-situ microsensor and a multi-frequency impedance analyzer. 
Ionic conductivity of a polymerizing material is characteristically represented by the 
geometry independent quantity a , a sum of the product of the number of ions present and 
their respective mobility’s.
o = I ( N [ i )  
[Equation 2.1.5]
Here p is the mean mobility o f ions, and N is the mobile ion concentration. The 
relationship between viscosity, a macroscopic characteristic, and dielectric conductivity 
has been examined extensively13,22'24. Typically, when discussing mobility p, the 
contribution that the number of charge carriers makes is assumed to be constant. For an 
approximate understanding of the change in ionic mobility of a curing system, this a  
calculation provides a good estimation. However, this method of using a  to measure 
mobility is erroneous for systems where the number o f charge carriers, N,-, is not a fixed 
value. For example, in hydrogen-bonded systems, proton conduction and free ions result 
in a variable number o f charge carriers. Epoxies are used in a wide variety o f industrial 
applications and represent one class o f materials that do not have a fixed number o f ions. 
Another example of systems that experience a change in this value is polyamides and 
polyimides.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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A measurement technique that isolates the number of charge carriers from their 
mobility allows significant improvement in monitoring changes in the state and structure 
o f a material as it cures. This is essential in systems where N;- cannot be assumed 
constant such as during cure o f epoxies and polyamides. Ion time of flight measurements 
are an appropriate technique to isolate and measure particle mobility due to changes in 
the state of the material. The ion time of flight technique, coupled with the measurement 
o f 0 , furthermore allows one to monitor separately changes in the number of charge 
carriers along with changes in mobility of a polymer due to cure or temperature as seen 
from equation 2.1.5.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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3.0 Permeability Theory
Measurement of the permeability of a film is a standardized technique. Permeation 
is the mass transfer of a substance through a solid, where the permeation rate depends on 
both the gas and solid characteristics. The permeation cell consists o f two compartments 
separated by the studied membrane. A preliminary high vacuum desorption is realized to 
ensure that the static vacuum pressure changes in the downstream compartment are 
smaller than the pressure changes due to the gas diffusion. The permeability coefficient P 
is typically expressed in Barrer units, where:
1 Barrer = 10~10 cm3sip cm cm 'V  cm H g'1 
Initially, there is no concentration gradient on the membrane and there is no starting 
penetrant molecule on the other side of the film . The permeability coefficient, P, is 
calculated from the slope of the steady-state line of penetrant gas concentration Q vs. 
time (Figure 3.1). The diffusion coefficient, D, reflects the mobility o f the gas. It is
:G2; P2
Film"
[Figure 3.1] Over time, a 
gradient is established between 
one side of the film and the other.
Steady 
state i
Time
Time lag
[Figure 3.2] Steady-state 
is achieved
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deduced from the time lag provided by the extrapolation of the steady-state line on the 
time axis (Figure 3.2)1’2. The solubility coefficient, S, is determined from the relationship 
of
P=DS 
[Equation 3.1]
Fick’s law of diffusion states that the rate of transfer of substance through a fixed 
area is proportional to the concentration gradient measured normal to the specimen3,4. 
Using this law of diffusion allows for a standard method of determining a system’s 
overall permeability character, and further selectivity, or preferential permeation to one 
gas over another.
2.3 Permeability Control in Films: State of the Art
Materials science is continuously challenged by industry’s need for better and 
smarter materials. In the quickly progressing field o f gas separation technology, the 
application of polymer films used as an inexpensive method for gas filtration and 
separation has advanced from simple diffusion experiments to industrially accepted 
products. By controlling the gas selectivity of the membrane material certain gases can 
pass through while others excluded, allowing for a sieve-like collection port given 
sufficient additional technology5. However, much room for improvement in separation 
science remains. In addition to large-scale filtration, polymer membranes can also be 
used for other industries due to the inherent flexibility, or used as a wrapping, barrier or 
protective layer.
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There are three distinct structural types of membranes o f industrial interest: 
symmetric, asymmetric, and composite6. Symmetric membranes can be either porous or 
non-porous. Asymmetric membranes are usually multi-layer, an example being a 
layered composite membrane, such as a metal layer mounted on a polymer support. A 
true composite membrane is a mixed matrix made o f two interpenetrating matrices or 
different materials, for example particles of one matrix embedded in a polymer structure.
A membrane that contains residual solvent will have altered membrane properties 
due to the solvent7.
Membrane character (without metal)
Comprehensive studies of membrane structural effects on permeability, and 
permeability versus selectivity8' 14 have been done by Stem, Freeman, and Robeson, et al.
Robeson’s “Upper Bound”
Upper Bound 
Limit
H2 Permeability x 1010
[Figure 3.3] Relationship between hydrogen permeability and hydrogen/nitrogen 
selectivity for rubbery ° and glassy • polymers and the empirical “upper bound” 
constraint10.
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Selectivity, a , is the ratio o f one gases permeability compared to another:
a ~  Ph2 /  Pn2
Certain polymer structures have been found to be more favorable to synthesize a selective 
membrane then others. However, there is consistent trade-off relationship observed 
between a permeability and selectivity in membranes9,14. Hence, an “upper bound” limit 
is observed for both glassy and rubbery polymers when trying to maximize both 
permeability and selectivity (Figure 3.3). Freeman has recently described the theoretical 
model describing the molecular basis for this upper bound.
Efforts to correlate structure to permeability and selectivity have resulted in the 
synthesis of new polymers, and new theories to explain observed diffusion behavior. 
Furthermore, studies by Koros and Paul, et al15'20, have examined the theoretical 
reasoning behind these observations, and concluded that there are many factors including 
polymer free volume, in addition to the character of the penetrant molecule, will dictate 
the polymer’s response to a particular gas molecule.
Selection of materials 
Glassy Polymers
How a gas travels through a polymer varies from polymer to polymer. For glassy 
polymers, rotational motion of the polymer chains is hindered, and not rapid enough to 
provide the penetrant molecules with a uniform environment. As a result, some penetrant 
molecules will fill the “holes” created between the chains. So, the temperature of a 
polymer, or the proximity to temperature of glassy transition o f a polymer, will affect the 
behavior of gases traveling through. Generally, stiff chain glassy polymers are more
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Cone.
glass <-[-> rubber
Vg : actual 
glassy volume
* /  Vi :Volume of 
7 densified glass
Temperature
[Figure 3.4] Koros’ hypothetical unrelaxed volume Vg-Vl in glassy polymers as 
a function of temperature
selective to small diameter gases such as H2 and He, while rubbery polymers can not 
separate well based on size.
One way to explain the behavior of gases through a material is the dual sorption
Cone.
Example sorption 
isotherm
pressure
[Figure 3.5] Sorption isotherms (shown for penetrant x) typically deviate from 
Henry’s Law linearity for glassy polymers
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model18. This rational treatment, elucidated by Koros, et al, explains that as a glassy 
polymer approaches the temperature of glassy transition, Tg, the “unrelaxed volume” or 
fixed spaces available to small gas particles, decreases. A rubbery polymer molecule is 
more mobile and therefore has a much more homogenous environment for a gas to 
permeate through, since the volume available to a gas particle is more constant. Above 
Tg, Henry’s law is obeyed, as sorption isotherms o f gas concentration (C) vs. pressure (P) 
remain constant21.
P=kC 
[Equation 3.2]
The dual-mode sorption explanation accounts for the deviation from Henry’s law with the 
addition of term to Henry’s law constant, kD:
C = k»p+^ T^(1 +  bp)
[Equation 3.3]
where C ’h is the Langmuir capacity constant, which characterizes the region o f high 
unrelaxed volume o f the polymer that deviates from strictly linear, Henry’s law behavior. 
The Langmuir affinity constant, b, represents the ability of a given penetrant to sorb in 
the Langmuir mode. More condensable and polarizable gases will have larger b 
constants, while small gases like H2 and He will not have a large b term. The dual-mode 
theory can also be extended to multicomponent mixtures of gases. Mobilities of
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penetrants varies significantly depending on the Henry or Langmuir perspective. By 
altering Fick’s law to include factors for the concentration of penetrant in Henry’s law 
and Langmuir environments, observed permeability behavior can be explained. Gas 
mixtures do not permeate entirely independently, with the interactive competition for the 
vacant unrelaxed gas volume, unlike rubbery polymer permeation behavior.
Efforts to predict polymer permeability based on structure have progressed in recent 
years but still are limited by the tremendous computer power necessary for timely 
molecular dynamics simulations8. Still, it is known that tri-fluoride (CF3) groups in the 
polymer backbone provide a huge increase in permeability, a contribution unusual for an 
individual group. This characteristic is suspected to be due to the rigidity of the group, 
and relatively compact size, not allowing the backbone to twist on overlap, also known as 
chain interaction. High chain interaction creates places where penetrant molecules could 
be slowed or lodged. This class of polymer possesses positive materials properties of 
strength and durability, typically characteristic of other glassy polymers with much lower 
inherent permeabilities. For purposes of the work described here, note that the polyimide 
must also be soluble, thereby allowing for the in-situ metalization process. Fluorinated 
polyimides also have increased solubility compared to non-fluorinated polyimides, 
making the tri-fluoride based aromatics a good choice for both material properties and 
soluble film synthesis. .
Membranes with Metal or Metal Oxide Nanoparticles
One way that a gas can be hindered as it passes through a polymer matrix is by 
loading particles into the film that react uniquely with different gases. Previous studies
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have examined metal cluster size and distribution in polyamide-imides22'24. Certain rare-
25 26earth acetylacetonates which decompose to metal oxides upon thermal treatment ’ have 
desirable characteristics which may benefit a polymer when embedded in the matrix, or
which may react with gases travelling through the polymer matrix. Palladium is known to
01be catalytically active, strongly hydrogen (H2) absorbing, and selectively permeable .
What is the significance o f putting a metal layer on a polymer substrate, or 
embedding metal particles exclusively in the bulk of a material? Binding a metal layer 
directly to a metal is easy, but the material characteristics present in a polymer membrane 
are far superior to a completely metal surface. Capitalizing on polyimide’s inherent 
mechanical, thermal, and electrical properties allows for a better end product, since 
metals typically are strong but brittle. Proper polymer selection can lead to an extremely 
strong and tough substrate.
Much emphasis has been applied to permeability effects o f a pure metal layer 
adhered to a polymer support structure, with particular interest in the catalytic nature of
Polyimide
[Figure 3.6] A “sandwich membrane” with metal adhered to each side of the 
polymer membrane.
palladium metal on hydrogen gas and its selectivity28,29. Mercea et al studied the effect 
that a continuous, via vacuum deposition, palladium metal layer had on the separation of 
gas mixtures. Some difficulty was experienced in depositing a uniform thickness, and
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defect-free layer of metal. Both single-sided metalized polymer membrane and double 
sided “sandwich membranes” were examined.
Except for hydrogen, the palladium barrier significantly hindered all gases. They 
also looked at temperature and pressure dependencies o f permeability. Conclusions were 
based on the assumption that a continuous metal layer will allow no gases to pass 
through, therefore the only diffusion witnessed of a gas occurs through defects or cracks 
in the metal layer. Hydrogen, however, is able to permeate directly through the metal 
layer, in addition to the defective “holes”. The fact that hydrogen is slowed slightly by 
the metal barrier suggests there may be additional study necessary to understand exactly 
what is happening at the gas/polymer/metal interface.
Fritsch et al, has done extensive work in examining the contributions of polymer
Ifi 11structure and metal particle loading has in gas separation membranes ’ ' , including 
molecular dynamics simulations of gas transport showing that the predominant sorption 
mechanism may vary with different gases15. Their adapted method of depositing 
catalytically active metal and nanoparticles in the bulk of poly (amide/imides) added 
extensive breadth of insight to the selectivity potential o f such membranes. After 
preparing a solution of polymer and metal acetate, the solution is cast onto a glass plate 
and heated to result in a salt filled membrane. A sodiumborohyride/methanol 
(NaBH4/MeOH) solution is used to reduce the metal clusters distributed in the polymer 
matrix to create solvent and pore-free films of thicknesses 40-50 pm33. These films have 
a bulk distribution o f metal, but no surface concentration of metal. Fritsch has focused 
on the development of such membranes for their known catalytic potential. This work 
could not use polyimides (preferred due to their superior mechanical properties and
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higher permeabilities) because the polyimides are insoluble in all solvents so palladium 
dispersion can not be obtained by dissolving both the polyimide and the metal salt in a 
solvent and then casting a fdm. The limitation of this method of bulk-metalized 
membrane preparation is the solubility o f the metal salts in high boiling solvents and the 
accessibility to fast reduction.
Metal nanoclusters embedded into a polymer substrate have been the focus of 
interest because of their basic research value as well as their applications in catalysis. 
Inorganic particles in a polymer are not permeable to gases and typically act as a 
diffusion barrier3. While sorption o f particles on a pm scale are negligible, on clusters 
with diameters on the nanoscale are expected to have a distinct effect on sorption, 
meaning once a small enough diameter has been achieved, the particles may affect the 
penetrant gases on a molecular level. Their small size, in concentration, makes a huge 
cumulative surface area that can have a large effect they can induce on gas transport. 
Hydrogen should be selectively dissolved in palladium clusters. Furthermore, other gases 
should all have different behavior due to varying degrees of interaction with palladium 
and alloys. Clusters are preferably created inside the membrane from homogeneously 
distributed soluble precursors.
Since the membrane is the most decisive and controllable part o f the gas separation 
process, it has received the most attention in terms of research and development34. A 
membrane-supported metal membrane is highly desirable in catalyst research. This is 
because 1) the catalyst is immobilized so it cannot agglomerate, 2) fdtration is 
unnecessary to separate from the reaction mixture and complete catalyst recovery 
facilitated, and 3) catalytic and separation processes can be combined and therefore time-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
23
saving in continuous flow systems35. Such types of catalytic supports are currently under 
study using Nafion as the polyimide support.
Our research has concentrated on the loading of rare earth oxides (lanthanum, 
gadolinium, and holmium) and other passive, gas-active metals (palladium and silver) 
into an inherently permeable polyimide in an effort to examine the selectivity.
Innovative work has provided methods of metal loading through an “inverse 
chemical vaporization” method. Studies have shown that in-situ reduction of thermally 
and optically favored metals such as silver and palladium are possible36'44. With careful 
control, polyimide films have been created with a specularly reflective and conductive 
surface45'50. Both ligand effects and polyimide chemistry affect the character o f the 
thermally imidized film. The in-situ method deposits both a surface and bulk dispersion 
o f metal polymers, in small aggregates controlled by experimental parameters. This 
research seeks to investigate the potential permeability o f such films, with a desire to 
selectively allow gases to migrate through the material. Ligand effects play a dominant 
role in metalization, as witnessed by the strong effect of substitution o f one methyl group 
for a tri-fluoro group44.
Rare earth metal oxides were chosen that can both be embedded on a small particle 
scale -sm all clusters approaching in some cases several nanometers in diameter -  
homogeneously dispersed throughout the bulk material with and without an additional 
layer o f metal concentrated on one surface. This in-situ doping technique provides a non­
rigorous method of embedding nano-order particles. Palladium, silver, and rare-earth 
metal complexes were loaded into the chosen polyimide matrices.
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4.0 Experimental Techniques
4.1 Dielectric Cure Monitoring
The ability to monitor advancement and characteristics o f reaction in actual 
processing environments is obtained through the use of dielectric cure monitoring 
techniques. Remote dielectric sensors provide simple, in situ, and accurate 
measurements of the progress of the reaction.
Capacitance and Conductance
Fundamentally, dielectric measurements measure the voltage and current 
between a pair o f electrodes in order to determine conductance and capacitance. 
Conductance is a measure of a material’s dissipation of energy, while capacitance is a 
measure o f the storage for a given potential difference. These values are dependent
[Figure 4.1.1] A parallel plate capacitor
upon the geometry involved in the measurement; both of the material and electrodes 
on which it is placed. Figure 4.1.1 shows an example of a parallel plate capacitor, in
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which there are two identical plates set a fixed distance apart. A voltage, V, applied 
to the circuit causes charge, +Q and -Q , to build up on the plates1.
The capacitance of this system, assuming a complete vacuum and that the area 
of the capacitor’s plates, A, are considerably larger than the plate separation, S, is 
equal to the potential difference V divided by the magnitude o f charge on the plate,
Q:
[Equation 4.1.1] 2
Once a material is placed between the plates the applied electric field alters 
and polarizes the charge distribution. Then the capacitance is defined2:
r  ( Q+P)  
c= v
[Equation 4.1.2]
Where P is the polarization of the material. If the plates are close enough, any chosen 
point on the plane behaves as if  it was an infinite plane of charge1. The surface charge 
density, a s, is defined as the charge per unit area, A:
Q
[Equation 4.1.3]
From Gauss’ law, each plate has an electric field, En, where
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[Equation 4.1.4]3
£0 is the permittivity o f free space, 8.854xl0‘14 C2 J'1 cm '1, 
the total electric field, Et, is double the above.
a
[Equation 4.1.5]3
The above equation leads to the relationship between Et and V, the potential between 
the two plates. S is the distance between the two plates3.
V= E s
[Equation 4.1.6]
By substitution o f equation 4.1.5 into equation 4.1.6 we have
[Equation 4.1.7]
Combination of the above equation with equation 4.1.3 we obtain
28
Since there are two plates,
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Qs
V =  v
As,
[Equation 4.1.8]
This expression can be represented in terms of capacitance by combining 
equations 4.1.8 and 4.1.1.
Q  A s n
C =
V s 
[Equation 4.1.9]
Dielectric Theory
Typically dielectric measurements are obtained using an in-situ microsensor 
and a multi-frequency impedance analyzer. The impedance of a material is measured 
over a range of frequencies, allowing the determination of its component’s 
capacitance (C) and conductance (G). The measured complex impedance Z* value is 
related to C and G by:
1
—  = G+ icuC 
Z*
[Equation 4.1.10]1
where co = 2 nf, and C and G are dependent on the geometry o f the measurement 
device, a parallel plate or a planar sensor. Knowing the value for C0, the air 
replaceable capacitance of a sensor with a known geometry, the geometry-
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independent complex permittivity, e*, of a material can be determined. The quantity 
g* has two components, e'and is”, which represent the real capacitive component o f 
dielectric permittivity and the imaginary conductance component (/) or loss, 
respectively4. Thus, e'and is are the geometry independent manifestations of C and 
G.
8* = e' -  i e"
[Equation 4.1.11]
Where
Cm—✓ aterial
£ =
C o
[Equation 4.1.12]
and
G m aterial
£ = -------
CoCO
[Equation 4.1.13]
In general, at low viscosities, low frequencies, and high temperatures, conductance 
due ionic conductivity dominates the impedance of a material. In this case5,
a  = EaCos",
[Equation 4.1.14]
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Where a  is the specific conductivity in units of mhos per centimeter (S/cm) and s0 is 
the relative permittivity o f free space (8.854* 10'12F/m). The ionic conductivity o f a 
polymerizing material on a molecular level is a sum of the product o f the number of 
ions present and their respective mobility4,6.
o = Z  (Nihi)
[Equation 4.1.15]
where pi is the mobility o f the ion, and Ni is the mobile ion concentration of that 
species. The relationship between viscosity, a macroscopic characteristic, and ionic 
conductivity, on the molecular level, has been studied in detail5'22.
4.2 Thermal Analysis Characterization
Thermal measurement techniques help elucidate the character and behavior of 
both the polyimide systems studied as films and the epoxy amine system 
characterized using the ITOF method.
4.2.1 Differential Scanning Calorimetry
Differential Scanning Calorimetry measurements were performed on a TA 
2920 model instrument. It is designed to articulate the energy necessary to maintain a 
constant temperature between sample and reference cells as thermal energy is 
supplied to the sample. This energy difference allows the calculation o f the system’s 
reaction enthalpy energy to be determined.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
32
As a material undergoes microscopic changes, such as becoming crystalline,
Reference Pan Sample Pan
Cylindrical 
Polymer Furnace . k t t  T  i
/ 5 v _ _ y 5 \
Thermoelectric 
Disc
Measurement Thermocouples
Figure 4.2.1.1: Experimental Arrangement of the Differential Scanning Calorimeter
or going through a thermal transition as the temperature of glass transition (Tg), the 
energy necessary to maintain a constant temperature between that material and an 
empty cell will change. In other words, the specific heat of a material changes slowly 
with temperature in a single physical state, but changes discontinuously at the 
temperature of a change o f state. Consequently, a plot of that energy versus time in a 
temperature ramp will show sharp peaks in energy at the time of transition.
DSC scan illustrating Tg and Tm
U
3a
u©
£
©
93©
Tg Tm
Temperature 
[Figure 4.2.1.2]
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Values such as the enthalpy o f melting (fusion), heat capacity, glass transition 
temperature, and percent crystallinity can be determined23’24. In isothermal runs, 
endothermic or exothermic energy changes give peaks whose integrated areas are 
proportional to the total enthalpy change (Figure 4.2.1.2), reflecting reaction 
advancement, evaporation, or degradation.
Hr = J (dQ/dt) dt
Where Hr is the heat of reaction, dQ/dt is the rate of heat generation, and dt is the 
time differential. The degree of cure, da, is defined as:
a= H(t)/Hr
where H(t) is the heat generated to time t. Degree o f cure measures the extent of 
polymerization with respect to time or temperature.
The technique uses specimens o f 5 to 20 mg placed in aluminum sample pans. 
The pans do not experience any thermal transitions themselves in the experimental 
temperature range o f interest. The temperature is modulated up and down a degree in 
order to obtain a more accurate and precise measure of heat capacity from the 
collected information at slightly different temperatures.
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4.2.2 Thermo Gravimetric Analysis
In addition to DSC, another useful thermal analysis technique is the TGA.
The thermogravimetric analyzer (TGA), and the thermal mechanical analyzer (TMA)
TGA Example: percent weight loss vs. temperature
100 102C
90%
267C
71%75C
426C
57%
556C
43%
467C
53%
0 100 200 300 400 500 600
Temp (C)
[Figure 4.2.2.1] TGA Example curve
are instruments that also characterize transitions of a material, particularly the glass
transition temperature (Tg) and the rate of degradation at high temperatures25. The 
TGA measures weight loss as a function o f time and temperature, while the TMA 
measures the amount of displacement of a needle resting on a material, typically one 
with a glassy transition temperature below room temperature. In addition to noting 
physical transitions of a material using the TGA, one can also examine chemical 
changes if the chemistry o f the system is known. For example, in the lanthanide fdm 
above (Figure 4.2.2.1), above 150°C there is continual degradation toward La2C>3 
from the precursor La(acac)3  (H20) 2. Subsequently, from the mass lost after a
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certain temperature transition, one can determine approximately how much converted 
La2C>3 is contained in the sample.
Though TGA does not give direct chemical information, it is a powerful 
quantitative technique. In addition to monitoring degradation, weight loss studied 
through TGA can provide detailed information about desorption, dehydration, 
sublimation, vaporization, and absorption26.
4.3 Viscosity
Viscosity is the measure of a material’s response to deformation. Some 
polymers, when a stress is applied, return almost fully to their original coordinates 
when the stress is removed. This would be the character of elastomers, or rubbery 
materials.
Typically, viscosity (q) is measured by several different techniques below Tg. 
As a thermoset is cured and obtains a more rigid structure, viscosity typically 
increases until it is no longer measurable by conventional methods and the material is 
considered “set”.
Two methods were employed to measure the viscosity of a material: Cannon- 
Ubbelohbe viscometry, and rheological testing using parallel plate measurements.
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Traditionally, viscosity measurements are made using solution viscosity. 
Imagining that a fluid is confined between two parallel plates each of area A, and 
separated by distance z (Figure 4.3.1). If one o f the plates is moved at speed v, by a 
force F, then F  is directly proportional to v and A and is inversely proportional to z 
based on Newton’s law of viscous flow25:
F - n
[Equation 4.3.1]
Typically, the units o f viscosity are Poise (P) where 1 Poise = 10 Pascal second (Pa.s)
and
Figure 4.3.11
Poise =
v ( m 2)
[Equation 4.3.2]
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Solution Viscosity Measurements
Solution viscosity is measured relative to pure solvent and at a constant 
temperature. Viscometry measurements made with a capillary tube measure the 
kinematic viscosity, or r|/p.
— -  at - —
P t
[Equation 4.3.3]
Where a  and [3 depend entirely on the geometry o f the viscometer tube. 
Measurement o f the time required for fixed volumes of two liquids o f known density 
to flow through the same tube allows determination of a  and [3 thereby allowing the 
measure of the kinematic viscosity . Assuming the density of solvent and solution 
are equal, the relative viscosity can be calculated from the kinematic viscosity.
A typical Ubbelohde viscometer (Figure 4.3.2) draws the liquid up the 
capillary tube with C closed by suction into compartment E. The suction is released 
(tube C is opened) and the time for the liquid to travel the distance between x and y is 
measured. The same experiment is repeated for both the dissolved solution and pure 
solvent.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
38
D
[Figure 4.3.2] A typical Ubbelohde Viscometer27
The limitations of viscosity measurements made this way is that they are 
always relative and primarily suitable to measurements over a finite temperature 
range28.
Rheological Analysis
Frequency dependent viscosity measurements on pure materials were obtained 
using a Thermal Analysis (TA) 1000 Advanced Rheometer. The AR 1000 operates in 
two parallel plate modes in addition to torsional testing capability for solid samples. 
For polymer liquids, tests between 0°C and 100°C can be performed with the Peltier 
Plate mode. For more extreme temperature tests (above 100°C), an environmental 
chamber is used to control both high and low temperatures (below 0°C). The 
instrument uses two, parallel plates of known geometry between which the material is
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sandwiched (Figure 4.3.3). The top plate oscillates at a known frequency and a force 
transducer is activated. The distance between the plates is measured and viscosity, r\, 
is calculated from Equation 4 3.2.
[Figure 4,3.3] Rheometer Setup (a) Peltier Plate (b) Parallel Plate
4.4 Electron Microscopy
Microscopy techniques were applied to the polyimide fdms in order to 
examine the metal-polyimide interface at various depths within the sample. This type 
of characterization provides information about surface morphology, and particle size 
and dispersion. Because the wavelength of electrons at a higher energy is so much 
smaller than that o f photons, the resolution potential of electron microscopy is 
significantly better than a traditional light microscope.
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4.4.1 Transmission Electron Microscopy
Transmission electron micrographs were obtained using a Zeiss EM109 
electron microscope with an 80kV accelerating voltage in the William and Mary 
Department of Biology. Small strips of the film of interest were embedded in an 
epoxy resin and cured for 48 hours at 60°C before being cut using a ultramicrotome. 
Thin sections were placed on a 200 mesh grid or one-hole copper grid for analysis.
Film sections must be thin enough to allow electrons to travel through the 
entire thickness of the material. The electron beam is focused through a series of 
condenser lenses onto the sample surface and the emitted particles that have passed 
through (just like light travelling through a material in optical microscopy30) are 
enlarged by several intermediate lenses. The particles that travel through are 
projected onto a phosphor luminescent screen, thereby giving the operator a view of 
the material at even an atomic level in the case of extremely high-powered 
microscopes. The darker areas o f the projected image represent areas o f the sample 
where fewer electrons were transmitted through, while the lighter areas of the image 
represent those areas of the sample through which more electrons were transmitted31.
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[Figure 4.4.1.1] Diagram of 
Transmission Electron Microscope
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[Figure 4.4.1.3] Transmission 
Electron Micrograph of silver- 
doped polyimide film
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[Figure 4.4.1.2] Scattering of electron 
beam: transmitted electrons are 
monitored by TEM, backscattered by 
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4.4.2 Scanning Electron Microscopy
Scanning electron microscopy entails moving an electron probe across the 
surface of a specimen, allowing for high resolution images of the morphology or 
topology of a surface. Monitoring of secondary X-rays emitted from the specimen- 
electron interaction can also provide compositional analysis32.
Each sample is mounted on a flat stub and sputter-coated with a conductive 
metal. In our case, we coat our samples with a thin layer of gold. Once coated with 
gold, the surface of the sample is electrically conductive. The incident beam of 
electrons is targeted at the sample surface, and the resulting emission o f photons and
IFieure 4.4.2.11 Example SEM photo
electrons are gathered and interpreted to create a comprehensive map of the sample
surface33.
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Above (Figure 4.4.2.1) is a SEM picture of the surface of a silver-surface 
metallized polyimide film magnified twenty thousand times the original size.
4.5.1 Reflectivity Measurements
Reflectivity measurements were made (relative to a Perkin-Elmer polished 
aluminum mirror with a reflectivity coefficient of 0.92 at 53 lnm) with a Perkin- 
Elmer Lambda 9 UV/VIS spectrophotometer equipped with a variable angle specular 
reflectance accessory using wave-length of 53 lnm, the solar maximum.
Films were formed on small glass plates that could be inserted directly into 
the measurement cell for reflectivity testing.
4.5.2 Conductivity Measurements
Surface resistivities were measured with an Alessi 4-point probe on surface 
metalized films.
4.6 SAXS: Small Angle X-Ray Scattering
SAXS is a well-known technique that provides quantitative data about the 
dispersion o f small-scale objects in a matrix. Our particular application is to the size 
and distribution o f metal particles in a polyimide film. For examination of small 
particles, SAXS provides a non-invasive alternative to traditional electron microscopy 
that requires rigorous sample preparation, which can potentially damage the very 
particles we wish to study.
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Particle size measurements were made in Grenoble, France, using a small 
angle x-ray scattering technique.34 Small angle scattering is distinguished from wide 
angle x-ray techniques by the area scattering of interest. The small angles of the 
primary beam correspond to scattering for particles with structures ranging from tens 
to thousands o f angstroms.
The need for a well-collimated beam often requires the use o f a synchrotron 
radiation source, especially since most polymers are poor scatterers and need a 
particularly refined beam. The beam treatment and experimental set-up of a SAXS 
system are diagrammed below:
Extended Sample to 
Detector Distance
Sample Stage Position SensitiveBeam ShapingLight Source
Detector
[Figure 4.6.1] SAXS Diagram4
Barely scattered photons need an extended distance to allow them to spread 
out and be detected and reduce the detected x-ray background, resulting in a large 
area needed to establish the SAXS measurement system.
Unlike electron microscopy, small-angle x-ray scattering techniques do not 
provide direct morphological information. SAXS data analysis is often complicated 
and was not directly used by the author of this dissertation Scattering patterns are 
typically reduced to a one-dimensional profile of scattering intensity vs. angle and fit 
to a known morphology scattering pattern. At the very small angles used in this type
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
45
of characterization method, the shape of the scattering in the low angle Guinier region 
can be used to interpret the radius of gyration of any distinct structure on this 
angstrom order of magnitude. At increasing angle size, more information can be 
obtained about the distinct shape of non-interacting particles, and at still higher angles 
the shape o f the curve (intensity vs. angle) is useful for obtaining information about 
the distance between the scattering objects.
All direct methods of characterization using SAXS assume uniform particle 
distribution and sharp interfaces between our metal particles and polyimide matrix. 
Traditional microscopy techniques allow confirmation o f these assumptions.34-36
Colleagues Dr. L. David and Dr. E. Espuche are working to provide SAXS 
analysis for the hybrid nanoparticle-polyimide membranes.
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5.0 Ionic Mobility, Time of Flight
5.1 Measurements of Ion Mobility Time of Flight
Ion-time-of-flight is a measure o f the length of time an ion takes to travel 
across a fixed distance between two electrodes with a given potential. Starting from 
an equilibrium ion distribution (a), the electrodes are oppositely charged (b), and the 
attraction of unlike charges causes the anions to move towards the positively charged 
plate, while the cations migrate to the negative plate (c).
[Figure 5.1.1] Ion Polarization
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A Keithley source applies a square-wave voltage pulse to the system for a 
fixed length o f time.
o>
*00 )00 1500 2000
a) Time[s]
[Figure 5.1.2] Square Pulse Sequence
At a particular time after the initial pulse, a peak is observed in the measured current, 
I(t), in each subsequent pulse. This peak represents the point in time when the 
highest rate of ions is arriving at the electrode, resulting in a peak in the measured
current, I 2-4
500 1000 1500 2000
b) Time(s)
[Figure 5.1.3]
Simply reversing the charges on the plates creates the pulse sequence, and the ions 
are then drawn to the opposite plate. Here [Fig. 5.1.3] the measurement pulse 
sequence involved four sets o f equal length pulses. The ion-time-of-flight flight time
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occurs at the peak in the output current versus time after a reversal of voltage polarity. 
This time marks the time o f maximum number o f mobiles species arriving at the 
electrodes and characterizes the ion transit time. These measurements are repeated 
while conditions within the experiment are changing. The ITOF is dependent on these 
changing variables including: changes in the viscosity of the medium due to a change 
in temperature or a chemical reaction, the measurement parameters such as the fixed 
distance between electrodes (sensor material and geometry), the possibility of a 
charge polarization effect on the plates after a given time, the length of time allowed 
before the pulse is switched, and the magnitude of the applied voltage.
5.2 Hardware
5.2.1 Sensor Types
Two interdigitated sensors (one kapton and the other an IDEX sensor) and two 
parallel plate air capacitors (a small and a large capacitor) were used. Three other 
commercial sensors were used in the TOF technique. The IDEX sensor (036S) 
consisted of electrodes on a 14” flexible polyimide substrate, with an air gap of 115 
microns. The small capacitor (160-110-1) had a large beryllium copper compression 
rotor contact, and nickel-plated-steatite (Mg3Si4 0 io(OH)2) metal parallel plates, 
which had a 432-micron air gap. The large capacitor (HFA-25-B) was a single 
capacitor employing the rotor and stator design, comprised of nickel-plated-phosphor- 
bronze wiper, with an air gas of 762 microns. [Table 5.2.1.3] describes the list of 
parameters of three geometries: the idex, parallel plate capacitor, and kapton
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wires
. V
Silver Epoxy Soldering
[Figure 5.2.1.1] (Left) A Cardwell Condenser manufactured parallel plate 
capacitor1. A kapton (right) polyimide substrate is used for both “kapton” and 
idex sensors attached to the Keithley sourcemeter with teflon-coated copper 
wires.
polyimide. All of these geometries produced no measurable current when tested alone 
in air, and were able to provide good measurements of the ion mobility as monitored 
by times of flight. The kapton polyimide sensor, when tested in air, returned 
questionable time of flight data for voltages above 200V [Figure 5.2.1.2]. However, 
the size o f the current returned is 2 orders o f magnitude smaller than those returned 
with any substrate on the sensor, so it is unlikely that the substrate would introduce 
significant error. To assure no contribution to the time of flight information, kapton 
polyimide sensors were not used for the experiments with high voltages.
[Figure 5.2.1.2] Above 200V kapton polyimide sensors return extraneous 
current drops, which could potentially mask real time of flight data.
rtairkp4 room temp new kapton sensor in air 200V
120s
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Capacitors were obtained from Cardwell Condenser Corp., and the IDEX from 
Micromet, Inc. monitored the temperature of the sample during the time of the 
measurements.
Sensor Type Area (cmA2) Distance (cm) A/d (cm)
small capacitor 7.86 0.0432 182
large capacitor 21.3 0.0762 280
kapton polyimide 1.00 0.0086 116.3
IDEX 1.04 0.0115 90.2
[Table 5.2.1.3] The different types of sensors and their specific geometries, where A is 
total dimensional area of the sensor surface, while distance is the length between 
electrodes.
5.2.2 Keithley Sourcementer
A current/voltage source-measurement unit, Keithley 237, was used to control 
the voltage and measure the output current flow. Data was stored with an IBM/PS2 
computer and collected with software developed specifically for this application. 
Current measurements were taken every 0.33 seconds and plotted versus time in 
seconds.
101 ~V  mAl
Sensor Thermocouple Thannara*t«
T i \
L^ BIit**o
'-I
KfiilHey 331 High ValUg* 
S ow ct Me isuct Uni.1
<\ '
an - o
Sensor Leads
T tetaocaup ia 
Basket of Analyte
[Figure 5.2.2.1] Keithley 237 Source Measurement Unit
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5.2.3 Other Instrumentation
The temperature was controlled by a Thermolyne 47900 Furnace above ambient, 
and by a Delta Design 9015 forced air oven for below ambient. A Bamart brand, 
hand-held thermocouple measured the temperature. Dielectric measurements of 
conductivity were made using a Hewlett Packard (HP) model 1492A Impedance 
Analyzer and a TA Instruments model 2970 Dielectric Analyzer, as described in the 
Experimental Techniques chapter o f this paper.
5.3 Selection of Materials for investigation: Non-hydrogen bonded materials
5.3.1 Cyanate
Initially, the goal of the research was to find a simple resin that could be 
adequately polarized to measure the ion-time-of-flight (ITOF). A simple cyanate 
resin was first examined using the ITOF technique.
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The cyanate resin produced times of flight that were too short to fall within 
the limits o f detection. Often the time of flight found was within 0.5 to 2 seconds. 
This time is too short to be reliable because o f the instrument’s ability to take only 
approximately three data points per second. Furthermore, data was generally 
inconsistent and non-repeatable.
Neat cyanate large capacitor
500 Hz jg053001.wb3
- 5.00
- 5.50
- 7.50
20 30  40  50 60  70 80
Temperature (C)
[Figure 5.3.1.2] Ionic conductivity of neat cyanate resin
These results are due to the cyanate’s low inherent viscosity. Compared to future 
work with later materials, the cyanate showed both a high inherent ionic conductivity 
and low viscosity over the temperature range of 20°C to 80°C [Table 5.3.1.3].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
N e a t  c y a n a t e  P e l t ie r  P la te  jw 1 0 2 3 a -0 0 0 1 o
o  Tem perature  ram p step
 ! , 1--
50.0 60.0
tem pera tu re  (°C)
[Figure 5.3.1.3] Neat Cyanate Viscosity
Efforts to override the low viscosity led to experiments with a very large spacing 
parallel plate apparatus. Fixed distance parallel plate capacitors produced too short of
neat material from 
20C to 80C
log sigma (S/cm) log eta (Pa.s)
cyanate -7.5 to -6.5 -1 to -2
PGEBA -9 to -6 1 to -1.5
D121 -9 to -7 -0.5 to -1.5
[Table 5.3.1.1] Ionic conductivity and viscosity of several ITOF materials
a ion-time-of-flight to be accurately measured (less than 5 seconds) at room 
temperature, though lowering the temperature did build the viscosity enough to slow
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the mobility of the ions and return longer ITOFs. Two brass discs, plated with gold, 
were tested using the parallel plate method [Figure 5.3.1.4]
To
measurement
apparatus
[Figure 5.3.1.4] Brass parallel plate ITOF hardware: cyanate resin 
sandwiched in between
These early experiments helped validate expected relationships between ion-time-of- 
flight and voltage at room temperature [Table 5.3.1.2]. However, trouble maintaining 
a consistent volume o f sample and thickness between the plates caused experiments 
to be shifted to a higher viscosity material.
Voltage (V) average ITOF (s)±0.1
20 4.8
50 2.3
100 1.6
200 1.1
400 0.7
[Table 5.3.1.2] Voltage and ITOF relationship for the neat cyanate resin
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In an effort to control the concentration and species of ions present in the resin, salt 
(Sodium Perchlorate KU 060910HU) was folded into isocyanate resin at room
Neat resin  a t room, 40, 60, 8 0 ,100C (10V)
7.00E-07
6.00E-07 100C
5.00E-07
^  4.00E-07
E 3.00E-07
1.00E-07
24C
0.00E+0Q
0.2 0.4 0.6 0.8 1 1.40 1.2
monte:\Julia\cyanate\neatcor.xls 1/tof(avg)
♦  PP  (run 1) ■  P P  (run 2) A idex (run 1)
[Figure 5.3.1.5]: Resin with only impurity ions (no salt loading) shows 
inconsistent and short (less than 5 seconds) ion-time-of-flight times at room 
temperature to 80°C
temperature at a concentration o f 3.5E-4 g s a lt : lg  isocyanate. Resin was then heated 
with stirring on a hot plate until salt dissolved (approximately 80°C). However, the 
low viscosity o f the resin was only suitable for testing with ITOF at room temperature 
and lower. The experimental design included loading a controlled concentration of 
salt into the cyanate resin in order to control the number of charge carriers present in 
the resin. A high enough salt saturation does not occur in the cyanate resin below 
80°C, while the ITOF at the same temperature was found to be less than 1 second, a 
time not accurately measurable by the current instrument. Futhermore. the cyanate
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0 )6.5  - -
-7 -
-7.5
2.21.6 1.8 2 2.41.4
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[Figure 5.3.1.6]: The addition of the salt showed a promising effect on the 
conductivity of the non-catalyzed system, but sufficient salt could not be 
dissolved at temperatures below 80°C.
Disc capacitor Maazouz cyanate
100C isotherm reg catalyst
acer c:\ MaazouzV jw042800.wb3
2 3 4
log eta
half salt •  full salt □ no salt
[Figure 5.3.1.7] Loading with salt did not significantly effect the linearity of 
conductivity and viscosity with advancement of reaction
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did not allow for examination using the time of flight method, since despite extremely 
low applied voltages, the ITOF was under 5 seconds long at room temperature 
(Figure 5.3.1.5). Efforts to increase the distance between plates that the ions would 
have to traverse, thereby increasing the time o f measurement, were stymied by the 
difficult in maintaining a fixed distance between two parallel plates. Subsequently, 
experiments were terminated with this material.
5.3.2 O-terphenyl and Polysulfone experiments
Other materials examined included simple structures of polysulfone and 
ortho-terphenyl. The polysulfone is supplied as a bead-shaped solid at room 
temperature. When used in the experiments, it was necessary to use a high 
temperature to cast a thin film.
The polysulfone film was found to be too viscous to allow for measurable ion 
mobility, and the conductivity was too low to carry out the TOF experiments.
[Figure 5.3.2.1] Ortho-terphenyl
[Figure 5.3.2.2J Polysulfone
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Otho-terphenyl was also examined using the time of flight method with 
moderate success (Figure 5.3.2.3). O-terphenyl returned times of flight but it 
crystallized between runs, therefore not assuring a consistent state.
80TPCP3: 80C o-terphenyl 240s 25V
6.00E-08
4.00E-08
<  2.00E-08
cov-wu.
0.00E+00
200 400 600 800 12001000= -2.00E-08 
-4.00E-08
-6.00E-08
Time (s)
240pskp2: 240C 240s 400V polysulfone kapton
6.00E-06
4.00E-06
<  2.00E-06
4-»
S 0.00E+00
200 400 600 800 10006  -2.00E-06 
-4.00E-06 
-6.00E-06
Time(s)
[Figure 5.3.2.3]: O-terphenyl peaks were measurable but the material crystallized; 
polysulfone proved unable to examine using the ITOF method.
Table 5.3.2.1 summarizes the temperatures of glassy transition, Tg, and 
temperature ranges tested by the ITOF method.
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Matericals Tg°C Start Temp °C Final Temp°C
Cyanate 81.6 30 90
DGEBA -2.2 25 120
o-terphenyl - 70 140
polysulfone 181.2 240 265
D121 -45.3 -7 85
MCDEA - 100 180
[Table 5.3.2.1] Summary of tested material properties and TOF Temperature 
Range (DSC scans see section 5.6)
5.3.3 D121 Characterization by ITOF
The best experimental results occurred when using the simple non-hydrogen- 
bonded system, dimethacrylate monomer dimethacrylate of tetaethoxylated 
bisphenol-A commercially known as D 121 (Figure 5.3.3.1) due to its simplicity and 
lack o f hydrogen bonding affinity). It experiences a large change in viscosity over a 
convenient range o f temperatures with no degradation.
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[Figure 5.3.3.1] Dimethacrylate of tetaethoxylated bisphenol-A (D121)
Polarization Effects
First, the pulse length together with magnitude o f applied voltage was 
examined. Pulse length dependent data is analyzed at a fixed temperature o f 40°C, 
and is reported in figures 5.3.3.2 and 5.3.3.3. Other temperatures show the same 
results. An inter-digitated (idex) sensor system (Figure 5.3.3.2) and a parallel plate, 
air capacitor system (Figure 5.3.3.2) were used to acquire the data.
To see the effect of varying pulse length coupled with the magnitude of the 
applied voltage at 40°C, as well as other temperatures, the log of ITOF*V versus the 
pulse length for each type sensor was plotted for a series of voltages. Because ITOF = 
d /pV (Equation 5.1.1.4), the product of ITOF and voltage is the quantity which 
monitors the ion mobility, p, for a fixed distance d between the plates of the 
measurement capacitor. If the experimental material has a fixed number of ions, the 
mobility is unchanging, and at a fixed temperature and constant viscosity, the product 
o f ITOF and voltage will return a constant value.
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The plots for both sensor systems (idex and small capacitor) show that all the 
values of ITOF*V do not all fall at a single value, as indicated by equation 5.1.1.4, as 
the voltage and pulse length change. Rather there is a range o f pulse lengths and 
voltages where equation 5.1.1.4 is valid. That is, ITOF*V is a constant for a range of 
pulse lengths and voltages, but not for all pulse lengths and voltages. As the voltage 
and pulse length become either smaller or larger than the optimum range, the values 
of the product of ITOF* V are no longer constant. There are two major reasons for this 
deviation from equation 5.1.1.4. If the pulse length is too small and/or the voltage is 
too weak, ions migrate only partially to the opposite plate. That is, the major 
concentration of charge is between the two plates and not at the electrode surfaces. 
When the voltage is reversed on the electrodes, the shorter distance for the major 
concentration of ions to travel produces a smaller value for the ITOF. On the other 
hand, if  the voltage is too strong, and/or the pulse length is too long, a polarizing and 
discharging process at the electrode can be created5'7. When the voltage is reversed on 
the electrodes, an additional time is needed to reverse this excess effect at the 
electrodes and pull the ions from plates. As a result, one observes a longer than 
expected ITOF.
For figure5.3.3.2 with an idex sensor, the value of ITOF* V where Equation
5.1.1.4 is obeyed is indicated by the lines outlining those experimental values where 
the ITOF*Voltage is a constant for those voltages and pulse lengths. The correct 
value of log (ITOF*V) for this line is approximately 2.0 and is indicated on the axis 
by a box.
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D121(md10/1) idex senso r @40C pulse length dependent data
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4
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A 50V 
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O200V 
+  400V
Pulse Length (s)
[Figure 5.3.3.2]
In the case o f the air capacitor, a similar range of pulse lengths and voltages 
corresponding to a fixed value of ITOF*V have been highlighted on figure 5.3.3.3, 
and marked by a box equal to 3.1.
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D121 small capacitor @40C pulse length dependent data
400 500 600
Pulse length (s)
1000
[Figure 5.3.3.3J
Compared to figure 5.3.3.2, more points are below the experimentally correct value 
for ITOF. This occurs at pulse lengths less than 120 seconds and the lower voltages 
(25 and 50V). It results because this capacitor has a larger distance between the 
electrodes and the ions have not been pulled with a strong enough force or for a long 
enough time to move the required distance. Those values lying above the constant 
region occur at the highest voltages or longest pulse times, resulting in additional 
polarization and discharging effects at the electrodes.
□  25V 
A 50 V 
•  100V 
O200V 
+  400V
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Geometry Effects
Next we examine the effect o f the distance between the electrodes on selecting 
the proper voltage and pulse length. The capacitor has distance of 430 /am between 
the electrodes. This is to be compared to the smaller distance o f 115 /am between the 
electrodes o f the planar sensor. Therefore, a longer pulse length and a higher voltage 
is needed to pull the ions across the distance of the air capacitor’s electrodes and to 
polarize the electrodes to an ideal level for accurate ITOF measurements. Thus, the 
distance between the electrodes plays an important role in selecting the correct ion 
mobility measurement parameters. Sensors with different distances between the two 
electrode plates have thereby a different range of voltages and pulse lengths that 
produce good ITOF results. The ratio of the small capacitor electrode separation to 
the idex sensor electrode separation is 3.76, and the ratio of d2 = (430)2/(l 15)2 is 
13.98. Examining the plots, the constant value of log ITOF*V is 3.1 at 40°C for the 
capacitor. For the idex sensor the relevant value is approximately 2.0. The values of
3.1 and 2.0 are estimates obtained from the ITOF*V values which show little 
variation with pulse length. The experimental ratio of ITOF* V for the two geometries 
is 12.59, compared to the predicted ratio of 13.98 based on the two distances. Thus, 
the results show that the effects of the spacing of the electrodes o f these sensor 
systems is as expected. Overall both the types of sensors, planar and parallel plate 
capacitor, provide good devices to measure the ions’ mobility, time o f flight, 
assuming proper selection of the voltage and pulse length. Both types of capacitors 
follow the predicted relationship between geometry and applied field.
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Evaluation of Measurement Precision
Since the ion concentration is constant in the dimethacrylate system, the 
product o f ITOF, voltage, and conductivity as measured independently by an 
impedance analyzer should return a constant value regardless of temperature. From 
above,
For a complete calculation of the value of Ni, please see the end of this chapter.
N/ is expected to be unchanging for D121 over the -15°C to 100°C 
temperature range and the resulting variation in viscosity. This is based on the 
chemical stability o f this material and a known absence of hydrogen bonding. When
5.3.3.4, there is an inherent scatter in the values in the -15°C to 100°C temperature 
range. The absence of a trend in the data indicates that the value o f N/ is constant, 
within the error. The scatter in the results around the average value represents a
t = d2/pV = ITOF
[Equation 5.1.1.4]
Therefore, (V -IT O F ) oc p '1
Since a /p  = N i then
V • ITOF
[Equation 5.1.1.5]
charge carriers Ni, cr(V*ITOF/d2), is plotted versus temperature, as shown in figure
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measure of the range o f error associated with the ITOF values. The standard deviation 
about the average is 8.2 E-3 for the Ni calculated in C/cm3, which is approximately a 
30% uncertainty. This inherent scatter could be a limitation in the accuracy of the 
measurements, although a portion of this uncertainty is due to variation in 
environmental factors, such as the possible but certainly limited aging of the material 
over a long period o f testing.
D121 Idex sensor (Ni from dielectric a  and TOF p.) vs. Temp(C)
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4.00E-02
2.50E+17
3.50E-02
3.00E-02 2.00E+17
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* H 
H H1.50E-02 1.00E+17hi
1.00E-02
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0.00E+00 0.00E+00
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lappitf JuliafTOF Paper/Figures 6*9 with referenced data ♦ Ni (C/cm3) • Ni (cmA-3)
[Figure 5.3.3.4]
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Viscosity and Temperature Dependence
Figure 5.3.3.5 shows the variation o f the conductivity measured by plotting 
the natural log of inverse dielectric measurements, the viscosity, and the value of 
several ITOF*Voltage measurements. All three of these quantities increase with 
decreasing temperature, reflecting the decrease in molecular mobility with a decrease 
in temperature and resulting increase in viscosity. In the high temperature region, 
room temperature to 83 °C, a linear Arrhenius dependence for all three quantities is 
observed. The slopes o f a linear fit to the data in this temperature region are reported
D121 Idex sensor temp Dependent Data
>x
y = 4605.6x + 2.749900
>
LLoH
y = 4821x -10.6c
c
y = 5135.5x-17.938
-10 -I---
2.70E-03 2.90E-03 3.10E-03 3.30E-03 3.50E-03 3.70E-03 3.90E-03
O TOF*Voltage(Volts‘second) Aviscocity(Pa*second) 
■ sigma dieiec. (1/ohm.cm))
[Figure 5.3.3.5]
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in figure 5.3.3.5. As expected, when the temperature drops below room temperature, 
and moves into the Tg +50°C region, (Tg ~-48°C) a non-linear dependence is 
observed for all quantities examined.
The fact that the slopes o f ITOF*V (4.8) and dielectric conductivity (4.6) are 
close to that of viscosity (5.1) shows that the mobility of the charge carriers is almost 
directly inversely related to the viscosity. Comparing the slopes also confirms that 
experimental values for the mobility measured by the conductivity obtained using 
dielectrics also monitors the viscosity, as expected since the number of charge 
carriers in this case is constant. Comparing the ITOF*V slopes with that o f viscosity 
shows that the exponent “a” in equation 11 is equal to 0.93.
The data for plots 5.3.3.2-5.3.3.5 can be found in section 5.7.
Conclusions for Characterization of the non-hydrogen bonded D121 system
Ion mobility time of flight measurements have been shown to be able to 
isolate and measure charge carrier mobility. But to get accurate measurements of 
mobility one needs to carefully select and control the field strength and pulse length. 
The correct pulse length and voltage need to be selected relative to the spacing of the 
electrodes and the viscosity o f the material.
Plots o f  the ion mobility time o f  flight multiplied by the applied field versus 
pulse length visually display the effect o f not fully polling the electrodes or, 
alternately, creating an excessive charge polarization and discharge effect. Not 
allowing enough time to fully poll the electrodes results in an incorrect short value for
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the ITOF, while “over-polarizing” the electrodes results in a longer value for the 
ITOF. Both of these scenarios are dependent on the variation o f pulse length of 
applied field. Only measurements with applied fields and pulse lengths where the 
product is a constant provide an accurate measure of changes in mobility with 
changes in viscosity. Application to a more complex, curing system, will be the next 
step in this research.
Addendum: Calculation of the value of Ni
t = d2/pV = ITOF
[Equation 5.1.1.4]
Therefore, ( V • ITO F) oc p"
Since c/p. = N/ then
V • ITOF
= Ni
[Equation 5.1.1.5]
Given the ionic conductivity, s, in units of mhos per centimeter (S/cm), and the units 
o f mobility, m, in units of centimeter squared per volt seconds (cm2/Vs), the units 
conversion in as below:
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_c_ (S/cm) (S)(V-s) (1)
h (cm2/V -s) cm3
S = A /V ,so  (1) =
(A /V )(V 's) = A -s 
cm3 cm3
(2)
A = C/s (Coulomb per second) so (2) 
(C/s)(s) C
3 3cm cm
units of Ni
since elemental charge is 1.602E-19C, then 
le -  ^ f  C )  charge
M .602x10 19C / vcm37 cubic volume
5.4 Chemistry of Epoxy Resins -  hydrogen bonded
Once the ITOF technique had been optimized using primarily the non­
hydrogen bonding D121 system, the technique was next applied to an epoxy amine 
system. Diglycidyl ether o f Bisphenol-A (DGEBA) is a relatively viscous epoxy at 
room temperature and readily polymerizes with the bi-functional amine 4,4’- 
methylene bis [3-chloro 2,6-diethylaniline] (MCDEA).
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Name Formula Source
4 ,4 ’-methylene bis 
[3-chloro 2,6-diethylaniline]
MCDEA
C2H5 Cl c 2h 5
h 2n —( o \ - e H 2 ~ (  O  ) ~ n h 2
/C2H5 3H5
Lonza
Diglycidyl ether o f  
Bisphenol-A
/ "  c h 3
CH2-CH-CH2-0 -
~ \  c h 3
O )-c-^Oy-o-CH2-<:H-CH2
CHj OH CHj
V~- 0.15
1-0 Ciba Geigy 
LY556
DGEBA
[Table 5.4.1.1]
Epoxies have long been workhorses of industrial polymers since 
commercialized in the 1940s. Tremendous versatility of application and material 
strength combine to give them huge commercial importance. Used in the major areas 
o f coatings, electrical and electronic insulation, adhesives, composites, and 
construction, epoxy application continues to grow. They can be cured at a variety of 
temperatures and exhibit very low shrinkage as they cure. All epoxy resins have one
R -C H  —  C H -R
\  /
O
[Figure 5.4.1.1] Oxacyclopropane unit
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structural unit in common [Figure 5.4.1.1], the oxacyclopropane.
There are two primary routes for the synthetic preparation of epoxy resins.
One uses compounds with active hydrogens reacted with epichlorohydrin. This 
reaction forms an intermediate, followed by dehydrohalogenation into a monomeric 
epoxy resin [Figure 5.4.1.2].
P \  OH / ° \
/ \  I -HCI / \
RH +  CH— CH-CH—Cl — >~ R -C H — CH— CH~C1  R -CH ;—CH— CH2
[Figure 5.4.1.2] Epoxy resin synthesis via active hydrogen
The second process is epoxidation of olefins via peracids, resulting in 
monomeric epoxides [Figure 5.4.1.3].
O
RCH=CHR' +  R-COOOH ^  R.c^ _ ^ ct+R- +  R"COOH
[Figure 5.4.1.3] Epoxy resin synthesis via peracids
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5.4.2 DGEBA-MCDEA Curing Mechanisms
DGEBA is synthesized from the reaction between bisphenol A and 
epichlorohydrin [Figure 5.4.2.1]. The boxed in part o f the final structure is the 
repeated segment. Low n values (<10) are resinous liquids of DGEBA, while higher 
n values the resin becomes a viscous liquid and eventually a tough, hard, solid 
(n=25)8. Commercial DGEBA varies by the length o f the epoxy structural unit, n. 
The purest samples will recrystallize over time at room temperature9.
O
_ / /  \N2 CH2— CH —CH2-CI +  HO ~ J /  N
Epichlorohydrin
o  
/  \
c h 2-ch  -CHp
NaOH
-HCI
Bisphenol-A
-CH.-CH -CH - c h 2-c h  -c h 2
DGEBA
[Figure 5.4.2.1] Mechanism of Diglycidyl ether of Bisphenol-A synthesis
In the presence o f a catalytic amount of sodium hydroxide, the Bisphenol A 
group is deprotonated, which enables the nucleophilic attack o f the epoxy ring. The 
chlorohydrin intermediate has hydroxy bonds. Further dehydrohalogenation of the 
intermediate gives DGEBA and hydrochloric acid, which is neutralized by the sodium 
hydroxide8. Both of the reaction steps occur simultaneously, allowing all of the 
bisphenol A to react with DGEBA before all of the bisphenol A molecules are
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consumed by the epichlorohydrin, in addition to numerous competing side reactions. 
Consequently, in order to insure high yields of DGEBA from this reaction an excess 
of epichlorohydrin is necessary.
5.4.3 Curing Agents
Epoxy groups are highly reactive due to the polarity and strained nature o f the 
three-member ring. Most useful applications of an epoxy require it to be cured with 
heat and/or with an agent that causes a thermosetting reaction to occur. This creates a 
tough, durable polymer instead of the thermoplastic epoxy resin. Curatives initiate the 
polymerization reaction and influence the formation of crosslinks. Agents are either 
catalytic or co-reactive in nature. Catalytic curing agents provide help in crosslinking 
through traditional chemical catalysis such as initiating or accelerating the reaction,
O
/ \
-CH— -CH, R3N R3N------ CH^— CH-
r 3n- -CH~
0
1
CH  +  R'OH
OH
+ I
R ^ —CH2—  CH- +  R'(
-CH- CH2 +  R 'O- R 'O— CH;
0
1
-CH-
R 'O— CH^— CH- CH^—CH- R 'O —(“ CHj— C H -O - } ^
01
CH
[Figure 5.4.3.1] Mechanism of reaction for a tertiary amine and epoxy (Lewis base catalysis)
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while co-reactive agents become bound in the final three-dimensional structure of the 
thermoset and will consequently effect the material properties o f the finished 
product9. Catalytic curing agents are primarily Lewis acids or bases, and initiate the 
reaction by increasing the reactivity of the epoxy group. The donated electron pairs 
o f Lewis base catalysts attack the electrophilic epoxy ring, thereby opening the epoxy 
ring and forming an intermediate salt or zwitterion (a dipolar ion). This highly polar 
structure continues the propagation of the chain anionically [Figure 5.4.3.1]. In this 
case the tertiary amine acts as a common Lewis Base catalyst, usually added in a 1.5 
fractional amount9.
For Lewis acid catalysis, the electron rich epoxy ring donates a pair of 
electrons to the Lewis acid catalyst [Figure 5.4.3.2] Boron trihalides are often used as 
a Lewis acid catalysts.
F Et
I -  1 + 
F - B - N - H  
I I 
F H
heat F Et1 + 1 B + :N -H
/  \  I
F F H
B
/  \
F F
CHj— CH— F— B— CL
CH,
CH
[Figure 5.4.3.2 Lewis acid catalyzed mechanism of epoxidation
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Epoxy resins are typically reacted with a curing agent in order to increase the 
chains in length, or advance the reaction, and cross-linking the molecular structure 
into a three-dimensional network. Curing agents such as amines, acid anhydrides, 
and mercaptans are all able to open the epoxide group ring and initiating cross-linking 
and the curing reaction [Figure 5.4.3.3]. All curing agents or hardeners used with 
epoxides have active hydrogen atoms available to initiate the reaction by opening the 
epoxide bond into a hydroxyl group. Primary amines react more quickly than 
secondary or tertiary amines.
A  O O H/  \  II  II /
R1—C------C— R4 + R—C— NH2 R—C— / R1
R2 R3 amide
R1 R3
R1— C C— R4 + R 5 -N H ^  H O -C  C— NHR,
I I 1 
R2 R4R2 R3 primary amine
R1 — C----- C— R4I I 
R2 R3
0  0  R1 R3
W
o
anhydride
[Figure 5.4.3.31 Examples of co-reactive curing agents
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Amines as co-reactive curing agents
There are three main types of amine coreactive curing agents: aliphatic, 
cycloaliphatic, and aromatic. Aliphatic amines are the largest group o f epoxy curing 
agents, and provide many options to change the character of the epoxy, while 
aromatic amines offer the best overall enhancement of the amine cured epoxies. Our 
primary amine used as a curing agent with DGEBA is the amine 4,4’-methylene bis 
[3-chloro 2,6-diethylaniline], commonly know as MCDEA [Figure 5.4.2.2d],
c 2h 5
[Figure S.4.3.4] MCDEA
5.5 DGEBA-MCDEA Characterization Experiments
Behavior of DGEBA-based thermosetting resins has been characterized 
extensively in past literature10' 13. This useful epoxy combines with the highly reactive 
MCDEA diamine curing agent to produce a strong, durable thermoset.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
80
5.5.1 Monomer Characterization
DGEBA and MCDEA were first characterized independently to fully 
understand the curing epoxy system. From the dielectric data, [Figures 5.5.1.1 and 
5.5.1.3] the neat diamine has a significantly higher ionic conductivity than the epoxy 
as tested with the FDEMS technique. MCDEA also has a melting temperature of 
approximately 80°C, while DGEBA melts close to room temperature. Above 80°C, 
the viscosity of the DGEBA epoxy is slightly lower than the MCDEA [Figure 
5.5.1.2]. All o f these characteristics help determine the best parameters to choose for 
this system, as the background work on the D 121 system demonstrated.
R1— CH— CH2 +  R2-NH2 ----- ^  R1— HC----- CH— N----R2
k1
OH H
O OH
R 1-CH — CH2 +  R1-HC-CH— N-R2 *2 > R1i - HC— CH2- 4 n-R 2
H OH ' 2
O
/  \  k3 
R1— c h — ch 2 +  — CH— R1
OH O---- CHr-CH—R1
2 I 
OH
[Figure 5.5.2.1] Mechanism of the epoxy-amine reaction
5.5.2 Reactive theory, kinetics
The reaction of the DGEBA with the MCDEA proceeds as the scheme 
pictured in Figure 5.5.2.1. Three principal reactions take place, denoted by k l, k2 and 
k3. In step one, the primary amine hydrogen reacts with the epoxide ring. In the
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second step, the secondary amine hydrogen reacts with another (different) epoxy unit. 
The ratio of the rates of these two reactions, k2/kl, may have a strong effect on the 
cure process14. The third step, or the etherification reaction, depends on the 
temperature, basicity of the diamine, and the ratio of the initial epoxy/amine. 
Extensive studies have examined the kinetics o f this system, and this is not the 
current focus of this thesis. However, it is useful to understand the character of the 
system and the time of transitions in order to apply the ion-time-of-flight 
measurement to the system. One point of understanding the characterization of this 
system is the gel point. The gel point is described as the point in the cure where a 
macroscopic network is achieved. It can also be described as the crossover point 
between G” and G ’, the loss modulus and the elastic modulus. The ratio of G"/G' is 
known as the tangent delta and is a measure of the relationship between the elastic 
and viscous natures o f the material. Figures 5.5.2.4, 5.52.1, and 5.5.2.10 show the 
gel point. The gel point is characterized by a sharp increase in viscosity, and is the 
first sign o f a macroscopic structure to the material. This point is particularly relevant 
for ion-time-of-flight experiments since beyond the gel point, viscosity builds 
quickly, and therefore ITOF measurements far beyond gel are difficult to obtain due 
to the decreased mobility brought about by the high viscosity. Knowing (and 
anticipating) where gel times will be will help to establish parameters and analysis for 
ITOF measurements on the epoxy-amine system.
Iso th erm al T em p  (°C) g e l t im e (m in)
120 4 9 0
140 2 2 6
160 95
[Table 5.5.2.1] Gel times of the epoxy-amine during isothermal cure 
obtained through viscosity measurements
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[Figure 5.5.1.2]
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MCDEA log(sigma) vs. Temp (C)
u>
o>
-10
-11
-50 0 50 100 150 200
T em perature (C)
Carlo C:\Feter Christy\log{sigima) vs. MCOEA Temp | ♦  100 Hz log(sigm a) • 1000 Hz ♦ 10000 Hz
[Figure 5.5.1.3] 
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log |n| vs. Time DGEBA-MCDEA 120 isotherm
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[Figure 5.5.2.3J
DGEBA-MCDEA 120 isotherm tog tan delta vs. Time
5
4
3
I 'V
2
gel at 490 
minutes1
oO)
•1
-2
300 350 400 450 500 550 600
lappie/Julie/TOF data/Rheo/12QC isotherm jw 06080:
Time (minutes)
■0.16 ------0.5059 1.6 ■5.069 ■15.94
[Figure 5.5.2.4]
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log sigma vs time MCDEA/DGEBA 140C
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[Figure 5.5.2.5]
DGEBA/MCDEA140C isotherm log |n| vs. time
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[Figure 5.S.2.6]
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DGEBA/MCDEA140C isotherm tan delta (mechanical) vs. Time
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[Figure 5.5.2.7] 
log sigma vs time MCDEA/DGEBA160C
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[Figure 5.5.2.9]
MCDEA-DGEBA 160C isotherm tan delta (mech.) vs time
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5.6 Supplemental DSC scans of all ITOF chemicals in pure form to obtain glass 
transition temperatures, Tg.
O-terphenylSample: o-terphenylSize: 17.5000 mg
Method: Conventional MDSC
Comment: ramp 25-200-25c@1c/min modulated
DSC
o.o
-0.2-
oi
u_
-0,4-
- 0.6
20040 60 60 100 120 140 160 18020
ExoUp Temperature (”C) Universal V3.0G TA Instruments
Sample: d121 
Size: 17.1000 mg 
Method: Conventional MDSC 
Comment: ramp 25 - -70 - 25 @ 1c/min
DSC D121 monomer
(0
X
- 0.10
-0.15-
- 0 .2 0 -
i ^C“l-0.25 -
-0.30 —r— 
-40-80
Exo Up Temperature (°C) Universal V3.0G TA Instruments
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Sample: Polysulfone 042601 
Size: 9.7000 mg 
Method: Conventional MDSC 
Comment: Tg listed as 190C
DSC Polysulfone
0 .00 '
-0,05-
- 0 . 10 -
-0.15
- 0.20
50 100
------j------
150
Exo Up
200
Temperature (“C)
250 300 350
Universal V3.0G TA Instruments
Sample: cyanate
Size: 7.2000 mg DSC
Method: Conventional MDSC
Comment: fresh cyanate (Lecy Insa 19/09/00) ramp @1C/min from 0-150C
Cyanate
-0.3
-0.4-
CO
I
I
Li­
ra©I
-0 ,5-
- 0.6
-20 40 100 140 160
U niversal V 3.0G  TA In s tru m e n t
120
Temperature (°C)
89
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Sample: MCDEA
Size: 7 J0 0 0 m g
Method: Conventional MDSC
Comment: MCDEA from 25-200 @1C/min
DSC MCDEA
5O
LL
13<DX
- 0.2
Exo Up
89.06 C
Temperature (“C)
180 200 
Universal V3.0G TA Instruments
5.7 Raw data to make plots of section 5.3.3
DSC
Sample: DGEBA 
Size: 13.2000 mg 
Method: Conventional MDSC 
Comment: DGEBA from -20 to 100C
-0,15-
- 0.20
LL.
75<oa:
-0.25
-0.30
-0,35
-40
Exo tip
-20
DGEBA
31.33‘C
20 40
Temperature (°C)
60 80 100
Universal V3.0G TA Instruments
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Data for plot 5.3.3.2
D121(md10/1/) idex sensor @40C pulse length dependent data run @10/8
filename voltag
e
pulse peaks tof current avg(TOF) Tof*Vol
tage
log(TOF*
V)
40D12186 400 30 2 1.32 -4.84E-06 1.28 512 2.71
3 1.26 4.85E-06
4 1.26 -4.91 E-06
40D12185 400 60 2 2.25 -4.76E-06 2.07 828 2.92
3 1.76 4.82 E-06 mu=
4 2.2 -4.85 E-06 100V log TOFV d2/TOF*V
40D12184 400 120 2 2.19 -4.54 E-06 2.19 877.33 2.94 30 2.160368475 9.14171E-07
3 2.2 4.88E-06 60 2.405403283 5.19987E-07
4 2.19 -4.66E-06 120 2.49785074 4.20286E-07
40D12183 400 240 2 3.18 -5.24E-06 3.46 1384.0
0
3.14 240 2.52026513 3.99145E-07
3 4.07 6.52E-06 480 2.498310554 4.19841E-07
4 3.13 -5.36E-06 600 2.541995036 3.79665E-07
40D12182 400 480 2 2.69 -4.94E-06 3.31 1324.0
0
3.12 720 2.560703496 3.63657E-07
3 4.06 6.48E-06
4 3.18 -4.91 E-06 50V
40D12181 400 600 2 2.69 -4.98E-06 3.31 1325.3
3
3.12 30 1.925999266
3 4.56 6.48E-06 60 2.040074643
4 2.69 -4.93E-06 120 2.068804075
40D12180 400 720 2 2 -5.28E-06 2.75 1101.3
3
3.04 240 2.27338714
3 3.57 6.65E-06 480 2.348304863
4 2.69 -5.10E-06 600 2.382917135
40D12179 200 30 2 1.32 -6.00E-06 1.28 256.67 2.41 720 2.423791813
3 1.27 5.96 E-06
4 1.26 -6.00E-06 25V
40D12178 200 60 2 1.27 -5.97E-06 1.91 381.33 2.58 30 1.944482672
3 2.2 6.09E-06 60 1.990486851
4 2.25 -5.91 E-06 120 2.056904851
40D12177 200 120 2 2.2 -5.81 E-06 2.36 472.00 2.67 240 2.128453121
3 2.19 6.13E-06 480 2.177055287
4 2.69 -5.80E-06 600 2.207948375
40D12173 200 240 2 2.7 -5.13E-06 2.49 498.67 2.70 720 2.255071396
3 2.09 5.79E-06
4 2.69 -5.25E-06 12.5
V
40D12174 200 480 2 2.69 -5.65E-06 2.53 505.33 2.70 30 1.740033554
3 2.2 6.99E-06 60 1.957048298
4 2.69 -5.59E-06 120 1.986771734
40D12175 200 600 2 2.69 -5.49E-06 3.00 600.00 2.78 240 1.998549934
3 3.13 6.97E-06 480 2.129394463
4 3.18 -5.40E-06 600 2.149475712
40D12176 200 720 2 3.13 -5.27E-06 3.44 688.00 2.84 720 2.190915035
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3 3.57 6.87E-06
4 3.62 -5.13E-06 200V
40D12147 100 30 2 1.31 -3.27E-06 1.45 144.67 2.16 30 2.40936947
3 1.27 3.26E-06 60 2.58130477
4 1.76 -3.24E-06 120 2.673941999
40D12146 100 60 2 2.25 -3.27 E-06 2.54 254.33 2.41 240 2.697810339
3 2.69 3.28E-06 480 2.703577947
4 2.69 -3.24E-06 600 2.77815125
40D12145 100 120 2 3.18 -3.31 E-06 3.15 314.67 2.50 720 2.837588438
3 3.13 3.32E-06
4 3.13 -3.29E-06 400V
40D12143 100 240 2 3.19 -3.14E-06 3.31 331.33 2.52 30 2.709269961
3 3.13 3.30E-06 60 2.918030337
4 3.62 -3.17E-06 120 2.94316463
40D12144 100 480 2 3.19 -3.19E-06 3.15 315.00 2.50 240 3.14113609
3 3.13 3.75E-06 480 3.121887985
4 3.13 -3.22E-06 600 3.122325121
40D12148 100 600 2 3.18 -3.15E-06 3.48 348.33 2.54 720 3.041918784
3 3.57 3.88 E-06
4 3.7 -3.12E-06
40D12149 100 720 2 3.68 -3.09E-06 3.64 363.67 2.56
3 3.6 3.91 E-06
4 3.63 -3.05E-06
40D12156 50 30 2 1.71 -1.64E-06 1.69 84.33 1.93
3 1.65 1.63E-06
4 1.7 -1.62E-06
40D12155 50 60 2 2.2 -1.57E-06 2.19 109.67 2.04
3 2.19 1.58E-06
4 2.19 -1.57E-06
40D12154 50 120 2 2.2 -1.55E-06 2.34 117.17 2.07
3 2.63 1.57E-06
4 2.2 -1.55E-06
40D12153 50 240 2 4.07 -1.55E-06 3.75 187.67 2.27
3 3.62 1.59E-06
4 3.57 -1.55E-06
40D12152 50 480 2 4.5 -1.52E-06 4.46 223.00 2.35
3 4.32 1.67E-06
4 4.56 -1.53E-06
40D12147 50 600 2 5 -1.56E-06 4.83 241.50 2.38
3 4.5 1.73E-06
4 4.99 -1.56E-06
40D12158 50 720 2 5.43 -1.57E-06 5.31 265.33 2.42
3 5.49 1.76E-06
4 5 -1.57E-06
40D12172 25 30 2 3.59 -8.60E-07 3.52 88.00 1.94
3 3.62 8.75E-07
4 3.35 -8.59E-07
40D12171 25 60 2 3.85 -8.70E-07 3.91 97.83 1.99
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3 4.05 8.82E-07
4 3.84 -8.58E-07
40D12170 25 120 2 4.5 -8.86E-07 4.56 114.00 2.06
3 4.62 8.85E-07
4 4.56 -8.71 E-07
40D12162 25 240 2 5.25 -7.51 E-07 5.38 134.42 2.13
3 5.43 7.51 E-07
4 5.45 -7.45E-07
40D12161 25 480 2 6.43 -7.14E-07 6.01 150.33 2.18
3 5.7 7.31 E-07
4 5.91 -7.20E-07
40D12160 25 600 2 6.61 -6.86E-07 6.46 161.42 2.21
3 6.37 7.13E-07
4 6.39 -7.00E-07
40D12159 25 720 2 7.36 -6.44E-07 7.20 179.92 2.26
3 6.43 6.81 E-07
4 7.8 -6.67E-07
40D12169 12.5 30 2 4.56 -4.80E-07 4.40 54.96 1.74
3 4.56 4.88E-07
4 4.07 -4.76E-07
40D12168 12.5 60 2 7.52 -4.39E-07 7.25 90.58 1.96
3 6.86 4.44E-07
4 7.36 -4.36E-07
40D12167 12.5 120 2 7.65 -4.38 E-07 7.76 97.00 1.99
3 7.8 4.42E-07
4 7.83 -3.72E-07
40D12166 12.5 240 2 8.28 -4.50E-07 7.97 99.67 2.00
3 7.79 4.49E-07
4 7.85 -4.42E-07
40D12165 12.5 480 2 11.3 -3.87E-07 10.78 134.71 2.13
3 10.3 4.02E-07
4 10.7 -4.12E-07
40D12164 12.5 600 2 11.8 -3.22E-07 11.29 141.08 2.15
3 10.5 3.26E-07
4 11.6 -3.28E-07
40D12163 12.5 720 2 13.2 -2.99E-07 12.42 155.21 2.19
3 12.5 3.07E-07
4 11.6 -3.12E-07
Data for plot 
5 .3 .3 .3
D121 Capacitor 8/21/01 @40C pulse length variation data with voltage
filename oven therm voltage pulse peaks tof current toPcurre
nt
avg(TOF)
40D121C2 40 40 25 30 2 too broad
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3
4
40D121B2 40 40 25 60 2 too broad
3
4
40D121Z 40 40 25 120 2 37.18 -1.83E-06 -6.80E-
05
36.73
3 37.19 1.89E-06 7.03E-05
4 35.81 -1.82E-06 -6.52E-
05
40D121Y 40 40 25 240 2 42.79 -1.66E-06 -7.10E-
05
42.80
3 41.85 1.58E-06 6.61 E-05 25V TOF/V
oltage
log(tof*
v)
4 43.77 -1.59E-06 -6.96E-
05
120 918.1
7
2.96
40D121A2 40 40 25 480 2 49.98 -1.47E-06 -7.35E-
05
48.44 240 1070.
08
3.03
3 47.4 1.41 E-06 6.68E-05 480 1211.
08
3.08
4 47.95 -1.45E-06 -6.95E-
05
1358.
00
3.13
40D121D2 40 40 25 960 2 57.29 -1.34E-06 -7.68E-
05
54.32
3 51.68 1.26 E-06 6.51 E-05 50V
4 53.99 -1.33E-06 -7.18E-
05
15 296.5
0
2.47
40D121T 39 40 50 15 2 5.93 -4.46E-06 -2.64E-
05
5.93 30 553.8
3
2.74
3 6.37 4.90E-06 3.12E-05 60 870.6
7
2.94
4 5.49 -4.46E-06 -2.45E-
05
120 1066.
33
3.03
40D121R 39 40 50 30 2 11.09 -3.81 E-06 -4.23E-
05
11.08 240 1183.
50
3.07
3 11.04 3.92E-06 4.33E-05 480 1268.
83
3.10
4 11.1 -3.78E-06 -4.20E-
05
40D121Q 39 40 50 60 2 17.63 -3.20E-06 -5.64E-
05
17.41 100V
3 17.96 3.29E-06 5.91 E-05 15 626.6
7
2.80
4 16.65 -3.22E-06 -5.36E-
05
30 844.0
0
2.93
40D121P 39 40 50 120 2 21.31 -2.86E-06 -6.09E-
05
21.33 60 858.3
3
2.93
3 20.87 2.94 E-06 6.14E-05 120 1047.
00
3.02
4 21.8 -2.87 E-06 -6.26E-
05
240 3434.
67
3.54
40D121O 39 40 50 240 2 23.67 -2.66 E-06 -6.30E-
05
23.67 480 4036.
67
3.61
3 23.67 2.61 E-06 6.18E-05
4 23.67 -2.67E-06 -6.32E-
05
200V
40D121R 39 40 50 480 2 25.05 -2.58 E-06 -6.46E-
05
25.38 15 970.6
7
2.99
3 25.1 2.36 E-06 5.92E-05 30 1127.
33
3.05
25.98 -2.58E-06 -6.70E-
05
60 1190.
00
3.08
40D121U 39 40 100 15 6.43 -8.05E-06 -5.18E- 
05
6.27 120 1282.
00
3.11
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3 5.94 7.99E-06 4.75E-05 240 3248.
00
3.51
4 6.43 -7.84E-06 -5.04E-
05
480 10568
.00
4.02
40D121N 38 40 100 30 2 8.29 -6.07 E-06 -5.03E-
05
8.44
3 8.74 6.25 E-06 5.46E-05 400V
4 8.29 -6.06 E-06 -5.02E-
05
7 1260.
00
3.10
40D121D 39 40 100 60 2 8.29 -5.12E-06 -4.24E-
05
8.58 15 1941.
33
3.29
3 9.17 5.78E-06 5.30E-05 30 2256.
00
3.35
4 8.29 -5.18E-06 -4.29E-
05
60 2504.
00
3.40
40D121C 39 40 100 120 2 9.23 -4.59E-06 -4.24E-
05
10.47 120 3185.
33
3.50
3 12.46 5.50E-06 6.85E-05 240 5674.
67
3.75
4 9.72 -4.78E-06 -4.65E-
05
40D121A 36 40 100 240 2 34.93 -4.00E-06 -1.40E-
04
34.35
3 35.54 4.24E-06 1.51E-04
4 32.57 -4.19E-06 -1.36E-
04
40D121B 38 40 100 480 2 39.6 -3.85E-06 -1.52E-
04
40.37
3 40.97 4.27E-06 1.75E-04
4 40.53 -3.86E-06 -1.56E-
04
40D121W 39 40 200 15 2 5 -1.06E-05 -5.30E-
05
4.85
3 5 1.07E-05 5.35E-05
4 4.56 -1.06E-06 -4.83E-
06
40D121M 38 40 200 30 2 5.49 -9.04E-06 -4.96E-
05
5.64
3 5.93 9.14E-06 5.42E-05
4 5.49 -9.08E-06 -4.98E-
05
40D121H 39 40 200 60 2 5.49 -6.45E-06 -3.54E-
05
5.95
3 6.87 7.67 E-06 5.27E-05
4 5.49 -6.48E-06 -3.56E-
05
40D121G 39 40 200 120 2 5.5 -5.74E-06 -3.16E-
05
6.41
3 8.24 7.37E-06 6.07E-05
4 5.49 -6.03E-06 -3.31E- 
05
40D121E 39 40 200 240 2 16.26 -5.98E-06 -9.72E-
05
16.24
3 15.76 6.52E-06 1.03E-04
4 16.7 -5.73E-06 -9.57E-
05
40D121F 39 40 200 480 2 51.74 -5.06E-06 -2.62E-
04
52.84
3 49.44 5.35E-06 2.65E-04
4 57.34 -4.99E-06 -2.86E-
04
40D121X 39 40 400 7 2 3.19 -1.22E-05 -3.89E- 3.15
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05
3 3.13 1.22E-05 3.82E-05
4 3.13 -1.21 E-05 -3.79E-
05
40D121V 39 40 400 15 2 5 -1.08E-05 -5.40E-
05
4.85
3 5 1.09E-05 5.45E-05
4 4.56 -1.07E-05 -4.88E-
05
40D121L 38 40 400 30 2 5.49 -9.05E-06 -4.97E-
05
5.64
3 5.94 9.35 E-06 5.55E-05
4 5.49 -9.12 E-06 -5.01 E- 
05
40D111K 38 40 400 60 2 6.42 -8.49E-06 -5.45E-
05
6.26
3 6.43 8.53E-06 5.48E-05
4 5.93 -8.52E-06 -5.05E-
05
40D121J 38 40 400 120 2 7.8 -7.83E-06 -6.1 IE- 
05
7.96
3 8.29 7.44E-06 6.17E-05
4 7.8 -7.82E-06 -6.10E-
05
40D121I 37 40 400 240 2 20.87 -8.27E-06 -1.73E- 
04
14.19
3 7.8 5.80E-06 4.52E-05
4 13.89 -7.18E-06 -9.97E-
05
Data for 5.3.3.4 and
5.3.3.5 Plots
D121 idex sensor A/d=90.2cm
Filenam
e
Temp 1/T(1/K) Volta
ge
Puls
e
TOF ToF*V d2/TOFV visco
(Pa*s)
sig (di) Ni
(C/cmA3)
Ni (cmA-3)
N7D1217 -7 3.76E-03 200 240 59.2 11846 1.12E-08 63.81 1.01E-10 9.07E-03 5.66E+16
N7D1218 -7 3.76E-03 200 480 63.3 12660 1.04E-08 63.81 1.01E-10 9.69E-03 6.05E+16
N7D1212 -7 3.76E-03 400 240 53.1 21224 6.23E-09 63.81 1.01E-10 1.62E-02 1.01E+17
N7D1214 -7 3.76E-03 400 480 56.8 22736 5.82E-09 63.81 1.01E-10 1.74E-02 1.09E+17
0D12117 0 3.66E-03 100 120 25.6 2560.00 5.17E-08 16.41 3.61E-10 6.98E-03 4.36E+16
0D12118 0 3.66E-03 100 240 28 2797.33 4.73E-08 16.41 3.61 E-10 7.63E-03 4.76E+16
0D1219 0 3.66E-03 200 60 13.5 2697.00 4.9E-08 16.41 3.61 E-10 7.35E-03 4.59E+16
0D12115 0 3.66E-03 200 120 14.9 2981.33 4.44E-08 16.41 3.61E-10 8.13E-03 5.07E+16
5D1216 5 3.59E-03 25 120 25.9 648.17 2.04E-07 7.318 7.65E-10 3.75E-03 2.34E+16
5D1218 5 3.59E-03 50 60 14.7 733.17 1.8 E-07 7.318 7.65E-10 4.24E-03 2.65E+16
5D1215 5 3.59E-03 50 120 19.5 976.00 1.36E-07 7.318 7.65E-10 5.65E-03 3.52E+16
5D12114 5 3.59E-03 100 30 9.08 908.33 1.46E-07 7.318 7.65E-10 5.26E-03 3.28E+16
5D12110 5 3.59E-03 100 30 9.7 970.33 1.36E-07 7.318 7.65E-10 5.61 E-03 3.50E+16
5D1217 5 3.59E-03 100 60 13.1 1312.67 1.01 E-07 7.318 7.65E-10 7.59E-03 4.74E+16
5D12115 5 3.59E-03 100 60 12.3 1228.33 1.08E-07 7.318 7.65E-10 7.11 E-03 4.44E+16
15D1212
1
15 3.47E-03 25 60 12.9 322.50 4.1 E-07 1.877 2.87E-09 7.00E-03 4.37E+16
15D1212
0
15 3.47E-03 25 120 17.5 437.08 3.03E-07 1.877 2.87E-09 9.49E-03 5.92E+16
15D1211 15 3.47E-03 25 240 23.1 577.17 2.29E-07 1.877 2.87E-09 1.25E-02 7.82E+16
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9
15D1211
6
15 3.47E-03 50 60 7.51 375.33 3.52E-07 1.877 2.87E-09 8.15E-03 5.09E+16
15D1211
5
15 3.47E-03 50 120 12.6 632.50 2.09E-07 1.877 2.87E-09 1.37E-02 8.57E+16
15D1211
7
15 3.47E-03 50 240 16.8 841.33 1.57E-07 1.877 2.87E-09 1.83E-02 1.14E+17
15D1211
3
15 3.47E-03 100 60 6.13 613.33 2.16E-07 1.877 2.87E-09 1.33E-02 8.31E+16
25D121II
D12
23 3.38E-03 25 120 14.8 370.33 3.57E-07 0.757
7
6.88E-09 1.93E-02 1.20E+17
25D121I
D11
23 3.38 E-03 25 240 16.7 417.83 3.17E-07 0.757
7
6.88E-09 2.17E-02 1.36E+17
25D121I
D14
23 3.38E-03 50 60 5 249.83 5.29E-07 0.757
7
6.88E-09 1.30E-02 8.12E+16
25D121I
D13
23 3.38E-03 50 120 5.66 282.83 4.68E-07 0.757
7
6.88E-09 1.47E-02 9.19E+16
40D121I
D8
40 3.19E-03 25 120 5.33 133.17 9.93E-07 0.204
9
2.93E-08 2.95E-02 1.84E+17
40D121I
D7
39 3.20E-03 25 240 5.51 137.75 9.6E-07 0.204
9
2.78E-08 2.90E-02 1.81E+17
40D121I
D10
40 3.19E-03 50 60 2.19 109.50 1.21 E-06 0.204
9
2.93E-08 2.43E-02 1.52E+17
40D121I
D9
40 3.19E-03 50 120 2.49 124.33 1.06E-06 0.204
9
2.93E-08 2.76E-02 1.72E+17
55D121I
D7
56 3.04E-03 12.5 120 4.1 51.29 2.58 E-06 0.083
97
6.00E-08 2.33E-02 1.45E+17
55D121I
D6
56 3.04E-03 12.5 240 4.41 55.17 2.4 E-06 0.083
97
6.00E-08 2.50E-02 1.56E+17
55D1211 
D5
56 3.04E-03 25 60 2.2 54.92 2.41 E-06 0.083
97
6.00E-08 2.49E-02 1.56E+17
55D1211 
D4
56 3.04E-03 25 120 2.35 58.67 2.25E-06 0.083
97
6.00E-08 2.66E-02 1.66E+17
55D121I
D3
54 3.06E-03 25 240 2.95 73.75 1.79E-06 0.089
51
5.64E-08 3.15E-02 1.97E+17
70D121I
D7
69 2.92E-03 6.25 120 4.1 25.63 5.16E-06 0.089
51
8.70E-08 1.68E-02 1.05E+17
70D121I
D6
68 2.93E-03 6.25 240 4.39 27.46 4.82E-06 0.089
51
8.47E-08 1.76E-02 1.10E+17
70D121I
D5
68 2.93E-03 12.5 60 2.86 35.71 3.7E-06 0.048
85
8.47E-08 2.29E-02 1.43E+17
70D121I
D4
67 2.94E-03 12.5 120 3.29 41.17 3.21 E-06 0.051
6
8.03E-08 2.50E-02 1.56E+17
85D121I
D14
82 2.82E-03 6.25 60 3.31 20.71 6.39E-06 0.030
66
1.30E-07 2.04E-02 1.27E+17
85D121I
D13
77 2.86E-03 6.25 120 3.73 23.33 5.67E-06 0.035
64
1.13E-07 2.00E-02 1.25E+17
85D121I
D17
83 2.81 E-03 12.5 30 1.74 21.75 6.08E-06 0.029
24
1.36E-07 2.23E-02 1.39E+17
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6.0 Analysis and discussion of data -  ionic mobility, time-of-flight
6.1 Selection of measurement parameters
Once the ITOF method had been used to adequately characterize the non­
hydrogen bonded system D 121, ITOF was applied to a hydrogen-bonded, epoxy 
amine system. As discussed with the D 121 monomer system, we found that with the 
complexity of the curing system, all controllable parameters must be adjusted 
throughout the duration of the experiment. Pulse length and geometry were the most 
challenging parameters to tailor to the epoxy-amine system.
6.1.1 Pulse length -  determination of zero-pulse
After repeated experiments, more consistent data was obtained with the 
addition of a zero pulse sequence. Henceforth, all ITOF experiments were performed 
with a three-pulse sequence. The first pulse was strong and negative, designed to pull 
all ions to their maximum location closest to the electrode of opposite charge. The 
second pulse was moderate and positive, designed to measure the ITOF in the 
appropriate time range. These pulses were followed by a zero-charge pulse of equal 
length of the other previous pulses, designed to allow any extra polarization to 
discharge and the system to essentially relax to an equilibrium state. ITOF’s were 
only measured from the middle, positive pulse. Table 6.1.1.1 shows that the most
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consistent numbers (tested on the non-hydrogen bonded DGEBA system) were 
obtained when a zero pulse of greater than 60 seconds followed the negative and 
positive polarization pulses.
Determination of the pulse length necessary to get repeatable measurements, 
and without over-poling the electrodes, arrived at a time of 120 seconds early in the 
cure when mobility was still relatively high, and then by 240 seconds later in the cure 
when viscosity starts to build.
Voltage 
-200 negative peak
ToF (sec)±1 
120s zero pulse
ToF (sec) ±1 
no zero pulse
ToF (sec) ±1 
60s zero pulse
10 8 9 10
20 5 6 7
50 2 2 5
100 4 1 3
10 6 11 15
20 4 6 8
50 2 3 5
100 1 1 3
-100 negative peak
10 6 9 12
20 4 5 7
50 2 2 4
100 2 1 2
10 6 12 12
20 4 7 10
50 3 3 6
100 2 1 3
[Table 6.1.1.1]
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6.1.2 Geometry
As the system polymerizes, the mobility of the charge carriers drops as 
mobility is hindered by the developing thermosetting structure. Figure 6.1.2.1 shows 
the declining mobility o f the system, reflected by the lowering current as the epoxy 
amine cures. At 160°C, the reaction reaches a maximum degree o f cure in about 4 
hours and therefore the viscosity is changing in a relatively short period o f time. The 
viscosity, related directly to the mobility, causes the time it takes for an ion to cross 
the distance between electrodes to greatly increase. Consequently, a single geometry 
was unable to monitor the ions’ progress throughout the duration o f the curing 
reaction. Early in the cure, when the material is relatively fluid and mobility high, a 
larger spaced sensor is appropriate to measure the ITOF. However, the same sensor 
will fail to measure the ITOF at a later time in the cure, as a shorter distance is 
necessary to allow accurate measure o f ITOF. Voltages were increased accordingly 
to compensate for the loss of mobility, but increasing the voltage alone wasn’t enough 
to accommodate the increased mobility. The distance between electrodes, or d, is 
related to mobility by a squared factor and is therefore a more significant control of 
the mobility than voltage alone. Figures 6.1.2.2 and 6.1.2.3 show a plot of mobility 
versus time for a series of different sensor geometries, helping to determine the best 
application o f geometry at different points in time for the isothermal cure o f DGEBA- 
MCDEA at 140°C and 160°C. Figure 6.1.2.4 shows how the first 150 minutes of
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cure at 140°C is best monitored by the small capacitor geometry, followed by the 
smaller spacing of the idex sensor for the remainder of the cure.
Geometry spacing
kapton 86.9 pm
idex 115 pm
small capacitor 432 pm
[Table 6.1.1.2] Spacing between electrodes on three sensor systems
6.2 Calculation of isolated mobility
Source of ion, charge carriers, and method of charge transfer
Based on work by Bidstrup and Simpson, we assume that the ion 
concentration in our system does not change with temperature, and that the only 
source o f the ionic species is the DGEBA epoxy1, and not the amine. Chlorine ions 
are also another potential source o f charge transfer, left over from the synthesis of 
DGEBA from epichlorohydrin. In an effort to verify the identity o f the primary 
charge carrier in our system, we loaded the epoxy resin with additional chlorine ions 
to a concentration o f approximately 3000ppm (by addition o f NaCl to neat resin). 
According to supplier standards, the DGEBA epoxy resin is highly pure and contains 
a nominal amount o f chlorine ions, at less than 300ppm. The addition of the salt did 
not increase the conductivity of the system within the experimental error, leading us
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to conclude that the primary charge carrier is hydrogen due to the proton transfer 
nature o f the epoxide unit.
ionic
conductivity
140°C
ionic
conductivity
160°C
neat epoxy 1.08E-08 1.21 E-08
epoxy plus salt 
(3000 ppm)
1.24E-08 1.06E-08
[Table 6.2.1] Conductivity of the neat epoxy was not significantly 
increased by the addition of NaCl
Using the ITOF measurement, the changing mobility at a point in time o f cure 
was calculated, using the relationship that
o = Z Nih
[Equation 6.2.1]
We have made the assumption that the primary and dominant charge character 
monitored by the ITOF measurement is of one species. The ionic conductivity is 
provided through dielectric measurements, while the mobility term is directly 
calculated from the ITOF measurement
d2 /
/IT O F  • V
[Equation 6.2.2]
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At a certain point in time, the number of charge carriers can therefore be 
calculated. For further detail on this calculation, please see the addendum at the end 
o f section 5.3.3.
6.3 Discussion and Conclusions
First, figure 6.2.1 shows the relationship of mobility (p) and ionic 
conductivity (c) during cure. Both decrease, as anticipated by the knowledge that the 
epoxy is becoming increasingly more bulky as it cures. This is paralleled at all three 
cure temperatures, in Figures 6.2.3 for 140°C and 6.2.5 for 160°C. However, as 
figure 6.2.2 shows, the decrease in conductivity is not as significant as the decrease in 
mobility, resulting in a net increase in the number of charge carriers (Ni = a/p). 
Curiously, at 120°C there is a spike at approximately 200 minutes in the number of 
charge carriers. This equates to about 15% conversion of the epoxide groups present 
(Figure 6.2.7). For the higher temperature isothermal cures, a less distinct peak is 
observed in the 140°C cure, and a later rise in Ni is observed for the 160°C 
experiment, at about 60% cure. While trying to interpret these results, there is always 
the possibility that the 120°C run, due to the slower rate of cure, is altogether a more 
accurate source o f information about a phenomenon that may occur too quickly to be 
accurately tracked at the two higher rates of cure.
At the higher two temperatures, the number of charge carriers increases after 
the gel point is achieved (approximately 226 minutes for 140°C and 95 minutes for 
160°C). The gel point often signifies a point when the reaction rate increases, as
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structure begins to quickly build. Why would charge carriers increase when 
structure increases, thereby making both conductive and mobile pathways more 
challenging? Could it be, that as the polymer becomes more rigid and thermoset, that 
at a higher rate of reaction, the rate of generation o f new charge carriers through 
epoxy reaction is a more dominant factor than the advancement of reaction?
For the highest degree of conversion, the end value of charge carriers ends 
about the same for all three temperatures. That value is close to lx  1016 cm'3 charges 
per unit volume.
Figure 6.2.1.10 explores the relationship between conductivity and viscosity 
for the DGEBA-MCDEA system in two different states. First, the isothermal, ionic 
conductivity is plotted versus viscosity for 120°C isotherm. The line underneath is the 
ionic conductivity versus viscosity for a ramp down from 100°C to approximately 
77°C. With the help of a polynomial fit, this curve has been extrapolated to 
determine where the conductivity and viscosity might intersect the 120°C isotherm. 
Unfortunately, at the present time our viscometer recently went out of commission. 
Thus, a more comprehensive repeat o f this approach remains for future work.
For the unreacted, non-curing system (below 100°C), the viscosity does not 
exhibit a linear relationship with conductivity. This suggests that the temperature 
dependence o f the conductivity may not be strictly related to viscosity. In other 
words, the number of charge carriers may be changing as a result o f the difference in 
temperature. For the isothermal cure, we know the number of charge carriers is not 
constant. The change in relationship between the isothermal curing and non-curing 
unreacted system with temperature over time suggests that both the number of charge
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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carriers is constant and their mobility and/or type of hydrogen-bonding groups 
are changing.
8.00E-06
7.00E-06
6.00E-06
5.00E-06
4.00E-06
3.00E-06
2.00E-06
1.00E-06
0.00E+00
DGEBA-MCDEA 160C IDEX
140 160 180 200 220 240 260
R eaction  Time (min)
[Figure 6.1.2.1]
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Comparison Data 140C sensor geometries
9
8
7
6
5
4
3
0 50 100 150 200 250 300 350 400
Lappia'JUIe'TOF dat^MOC analysis plot cue
_____________    Time o f  r x n ____  _________________ ___________ _____
♦  140C PC1121Q2 sm cap A140C JW120402 idex D140C DK021703 mixed geometry
[Figure 6.1.2.2]
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160C Dgeba-Mcdea Log (tof*v/d2) vs. time 
geometry comparison
i l
0 20 40
Lapple/JUie/TOF/DGEBA-M COEA/BO conparison
80 100 120 
Reaction time (min)
♦  PB021103ab idex 
a ay031003 idex
200
■ DK042103 sm  cap 
+  PB040803 sm cap then idex
[Figure 6.1.2.3]
140C cure DGEBA-MCDEA
9
8
idex
H r l W l
7
■D
5
ULoHO)o_l
6
5
sm. cap
4
3
0 50 100 150 200 250 300 350
Carlo[C:\DaveK\DK021703-pfot.xis Run Time (min)
[Figure 6.1.2.4]
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mobility (d2/TOF* Voltage) and ionic conductivity (o) vs. Time (min) @120C
DGEBA-MCDEA
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^  3.E-05
2.E-05
1 .E-05
O.E+OO
♦  ♦
2.50E-08
2.00E-08
<0
£
1,50 E-Offs c*
S 5
T3
Coo
1.00E-08
5.00E-09
* A *,  i  |  B » » » » ■*—* ----- O.OOE+OO
Koot/Julie/DGEBA-MCDEA/ EA num berofions101702.xls
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400
[Figure 6.2.1]
log (d2/TOF* Voltage) mobility and log sigma vs. Time (min) @120C
DGEBA-MCDEA
2.5E+16
- 2E+16
- 1.5E+16
Z
1E+16
D)
5E+15
-10
Ma
-12
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400
Time (min)
Kooi/Julie/ DGffiA-MCDBVEA number of ions101702.xls ♦ log(u)cmA2/V.ssmcap ——log sigma 1kHz
X  log Ni a Ni (number of ions) cmA-3
[Figure 6.2.2]
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mobility (d2/TOF* Voltage) and ionic conductivity (a) vs. Time (min)
@140C DGEBA-MCDEA
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[Figure 6.2.3] 
log (d2/TOF*V) and log sigma vs time @ 140C 
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[Figure 6.2.4]
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mobility (d /TOF*V) and ionic conductivity (a) vs. Time(min) @ 160C
DGEBA-MCDEA
3.00E-05
2.50E-05
. 2.00E-05
1.50E-05
1.00E-05
5.00E-06
Time of rxn
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£
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200
lappie/C/Jtiie'TOF data/OGEBA-MCOEA lof/160C analysis plot cure
♦ mobility ■ sigm a
[Figure 6.2.5]
log sigma (S/cm), log mu (cm2/V*s), log N/ (C/cm3) 
160C DGEBA-MCDEA
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[Figure 6.2.6]
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% Conversion Epoxide Groups vs. Time @ 120C DGEBA-MCDEA
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[Figure 6.2.8]
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% Conversion Epoxide Groups vs. Time @ 160C DGEBA-MCDEA
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80
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[Figure 6.2.9]
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[Figure 6.2.10]
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7.0 Experimental Data -  Permeability Control
7.1 Selection of polyimides
Since the membrane is the most decisive and controllable part of the gas separation 
process, careful selection of the polyimide membrane was necessary. Such 
polyimides must be soluble to the metal complex to allow for the homogeneous 
dispersion of the metal or metal oxide precursor into the polymer and thereby the in 
situ metallization process to take place. Initially, a polymer that was known to be 
both highly permeable and highly selective was sought. Freemen’s1 work regarding 
the trade-off relationship between permeability and selectivity caused us to choose a 
moderately permeable polyimide that had a high selectivity compared to its sister 
polyimides. A glassy membrane was decided upon, due to it’s improved material
O
[Figure 7.1.1] General structure of a polyimide, where R1 is the anhydride 
moiety, and R2 is the diamine moiety.
properties and high gas selectivity. Glassy polymers usually have low intrasegmental 
mobility and long relaxation times, when compared to rubbery polymers2. 
Characteristically, 6FDA based polyimides (see Figure 7.1.2) incorporating stiff
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CF CF
6FDA
2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane
BTDA
3,3',4,4'-benzophenone tetracarboxylic acid dianhydride
PM DA
pyromellitic dianyhydride
BPDA
3,3,4,4-biphenyl tetracarboxylic dianhydride
[Figure 7.1.2] Anhydride structural units. Anhydrides with aromatic 
units connected by non-linear bonds favor high permeability and have the 
potential to also be highly selective between different gases
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diamine moieties have shown the highest permeability and selectivity behavior when 
exposed to gases, while remaining soluble in the fully imidized form3,4.
Finding the perfect polyimide by adjusting structural units was not the goal of 
this research project. This has been the focus of earlier work by Robeson, who 
proposed a limiting trade-off relationship between permeability and selectivity5 (see 
section 3.0). On the contrary, our goal was to take a polyimide with moderately high 
permeability (one that a penetrant can flow through relatively easily in the polymer 
pure form) and change that initial permeability by introducing nanoparticles into the
4,4' ODA 
4,4'-oxydiani!ine
NHH,N
H
MDA
4,4'-methylene dianiline
IPDA
4,4'-isopropyl dianiiine
[Figure 7.1.3] Diamine structural units. Again, the diamine moiety containing 
rigid subunits and strong aromatic character favor high permeability and 
selectivity.
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bulk and/or surface of film. Additionally, we chose a polyimide structure that was 
known to allow for high selectivity. The intention was that the hybrid material, due 
to the character o f the additional metal or metal oxide nanoparticles might show a 
unique selectivity effect.
For Figure 7.1.2, the BTDA and 6FDA represent two moderately selective and 
permeable dianhydride units. When polymerized with PMDA or 6FDA, the most 
permeable diamine moiety is IPDA (Table 7.1.1). Conversely, IPDA-based polymers 
are also the least selectives membrane of the six shown. With increasingly bulkiness, 
permeability is increased while selectivity is decreased. The ODA represents the 
average lowest permeability and highest selectivity of the three diamines, due to its 
rigid and linear structure2. Overall, the 6FDA based polyimides represent a higher gas 
permeability and selectivity than the PMDA polyimides. More comprehensive results 
from Stem’s study2 on this group of polyimides are reported in Table 7.1.1.
P(He) P(He)/P(CH4) P(C02) TJ 
TJ
o
o
X
li
-
P(02) P(02)/P(N2) P(CH4)
P(N2)/
P(CH4)
PMDA-ODA 8.0 135 2.71 45.9 0.61 6.1 0.059 1.8
PMDA-MDA 9.4 94 4.03 42.1 0.98 4.9 0.10 1.8
PMDA-IPDA 37.1 41 26.8 29.7 7.10 4.7 0.90 1.6
6FDA-ODA 51.5 135 23.0 60.5 4.34 5.2 0.38 2.2
6FDA-MDA 50.0 117 24.2 56.3 4.60 5.7 0.43 1.9
6FDA-IPDA 71.2 102 30.0 42.9 7.53 5.6 0.70 1.9
[Table 7.1.1] Comprehensive permeability coefficients (P) and selectivity 
ratios for a series of diamine moieties
Based on these studies, our colleague in France, Eliane Espuche6, investigated 
a series of more complex amines in an effort to isolate the structure with the highest
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selectivity potential. Her results are presented in Table 7.1.2, for four different gas 
molecules, hydrogen, oxygen, carbon dioxide and nitrogen.
h2n ,NH
^ 'N H
H„N—v >
Polymer A: CARDO Polymer C: (50/50) 3,4’ ODA/4,4' ODA
4,4 -(9-Fluorenylidene)diamline oxydianiline
CF3«.>CF3
II
Polymer B: BDAF (aka BAPHF)
2,2-bis[4-(4-aminophenoxyl]hexafluoropropane
H.N-v >
Polymer D: 4,4' ODA 
oxydianiline
[Figure 7.1.4] Diamine structures
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Anhydride Permeability Coefficients (Barrers)
Polymer A B C D
h2 142 19 12 13
0 2 17 1.6 0.65 0.93
o o ro 130 8.8 4.2 5.3
N2 2.8 0.27 — —
[Table 7.1.1.2] P a » P b > P c > P d
The CARDO (Polymer A) amine exhibited by far the highest permeability, 
and therefore is the most desirable amine available to alter the permeability through 
nanoparticle addition. With an initial high permeability, there is presumably more 
ability to selectively sieve different penetrant gases. High selectivity was also 
observed for the CARDO polymer from Espuche’s results (above), as the difference 
between permeabilities of hydrogen and carbon dioxide are on a much higher order 
than the permeability of the polymer to oxygen and nitrogen. Clearly, the CARDO 
group showed great potential for our intended goal. When imidized with the 
anhydride unit 6FDA, a strong, flexible film was synthesized. However, the metal- 
oxide containing 6FDA-CARDO polyimide was extremely brittle and impossible to 
obtain permeability measurements, not to mention difficulty removing the polyimide 
from the glass plate on which it was thermally imidized. Furthermore, the metal 
particles did not distribute evenly in the membrane. Henceforth, BDAF (Polymer B) 
and 4,4'-ODA (Polymer D) were imidized with the anhydrides 6FDA and BTDA 
respectively. Another diamine, 3,3'-APB was also selected (with 6FDA) since it was 
known to have comparable desired properties7.
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Selected diamines:
BDAF (aka BAPHF)
2,2-bis[4-(4-aminophenoxyl]hexafluoropropane
H,nY /  \N
4,4'-ODA 
oxydianiline
3,3'-APB
1,3-bis-(3-aminophenoxy)benzene
Selected dianhydrides:
O O
6FDA
2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane
BTDA
S.S'^^'-benzophenone tetracarboxylic acid dianhydride
[Figure 7.1.5]
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Dianhydrides Diamines
BTDA BDAF (or BAPHF)
6FDA APB
ODA
CARDO
Selected Polyimides:
BTDA-ODA
6FDA-APB
6FDA-CARDO
6FDA-BDAF
[Table 7.1.1 J ]
The 6FDA dianhydride is highly favorable to use, since trifluoro group- 
containing polymers are often soluble in the imide form. This is particularly useful, 
since the favorable properties of polyimides can be sacrificed when synthesized from 
the poly(amic acid) form containing the metal complex which liberates water. The 
production of water from the dehydration of the lanthanide metal complex often 
compromises the mechanical and thermal properties of the final polyimide, possible 
resulting in lower molecular weight chains.
7.2 Selection of Metals/Metal Oxides for Hybrid Nanoparticle Synthesis
Metals to be employed as hom ogeneously distributed particles were chosen 
based on multiple considerations. The goal o f this research was to create two different 
types o f inorganic-polymer hybrid membranes. 1) The first membranes were to be 
non-migrating, “non-reactive” metals. Non-migrating means that they are unlikely to
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have an excess surface concentration of inorganic species on the membrane, and will 
therefore create a homogeneously distributed concentration of metal nanoparticles in 
the “bulk” of the film. 2) Selecting surface migrating, “gas-active” metals created the 
second type of film.
For lanthanide(III) oxide nanocomposite films, prior studies have examined 
improvement of thermal and material properties of a polyimide through metal doping 
with acetylacetonate oxo-metal precursors7'9. These studies showed that the addition 
of rare earth metal (III) complexes via an in-situ method did not hinder the visual 
clarity of the polyimide, and helped to lower the linear coefficient o f thermal 
expansion, a key parameter to consider in high temperature solar applications. Studies 
showed a dispersed, nanometer-sized phase o f metal oxide particles throughout the 
bulk o f the membrane. In order to study the permeability of these films, we used 
identical oxide precursors, which after thermal degradation, result in the metal oxide. 
Lanthanide (rare earth) metal complexes are relatively labile and may allow polymer- 
metal coordination. They are readily transformed to metal oxides at low temperatures 
(<300°C) (Figure 7.2.1).
Precursor Name OxideProduced
La(C i506H2i)3(H20)2 tris (2,4-pentanedionato) lanthanum(lll) dihydrate La20 3
Gd(C150 6H21)3(H20)3 tris (2,4-pentanedionato) gadolinium(lll) trihydrate Gd20 3
Ho (C150 6H21)3(H20)3 tris (2,4-pentanedionato) holmium(lll) trihydrate H o20 3
[Table 7.2.1]
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La(acec) 3 H20 Thermal Degradation (TGA)
100
16% drop
75-85C
18% dropLa4O(C5H7O2)10+  2
40 •CH3
expected wt. loss below 150C = 17.3% bp139C  bp100C 
100g/mol 18g/mol
above 150C
expected total wt. loss above 150C = 34%
o 50 100 150 200 250 300 350
Temp(C)
[Figure 7.2.1]
For the “gas active” metals, metal precursors were chosen where the metals 
were known to have unique interactions with gas molecules, or those that would 
provide desired reflective or electrically conductive properties in the finished 
polyimide. Palladium has a standard reduction potential of 0.83V and is known to 
have unique properties for hydrogen separation in gas mixtures. Silver has a standard 
reduction potential (E° =0.80V) which favors the chemical reduction of silver (I) to 
native metal, in addition to its exceptional reflectivity and high electrical 
conductivity.
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7.3 Chemistry of Thermal Imidization Mechanism
Dimethylacetamide (DMAc) Dimethylformamide (DMF)
[Figure 7.3.1] Solvent structures
Below are the chemical polymerization schemes for the systems studied 
(Figures 7.3.2, 7.3.3, and 7.3.4). Typically, the dianhydride and diamine are dissolved 
in an organic solvent such as DMAc (dimethylacetamide), NMP (N-methyl 
pyrrolidone), or DMF (dimethylformaldehyde). Independently, the metal complex is 
also dissolved in the same solvent. After stirring both solutions the metal solution is 
added to the poly(amic acid) form of the polymer. The solution o f metal complex and 
poly(amic acid) is poured onto a glass plate at a thickness of 30 microns with a doctor 
blade, after which the uncured film is dried at room temperature in a circulating dry 
air box for 24h to remove excess solvent (Figure 7.3.5). This is followed by the 
thermal imidization of the material by a prescribed cure cycle specific to the 
polyimide and metal system of interest. In the case o f the 6FDA-based polymers, 
unlike other non-fluorinated polyimides, the polyimide may be also used since the 
imide form is soluble. The BTDA/ODA system, however, is insoluble in the imide 
form.
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6FDA
H,Nn CF^ > CF3
+
o' ^  ^  "o
BDAFor BAPHF
,NH2 150^  s o l i d s  j n
® DMAc at 25°C
Q  F3°  ^  O  p 3_
,)hO_ tK3”F '0_ o^ O-
=0 CF3
poly(amic acid)
DMAc
heat
HO
- 2 H20
P r3
A 0=\
\ g > C H 3 + Hb _ | ~ H
°  c f 3
DMAc
O—(
bp = 70° 
P K .-4 .5
A g \ y - H  + CH3COOH
°  \CF bp = 118° C
(hexafluoroacetyl- P^a _  
_acetonato)silver(I) _
f3c, /C f 3 o
o o
f 3
1
CF,
silver(0)-polyimide composite film
[Figure 7.3.2] Chemistry of Surface Metalized Silver -  6FDA-BDAF 
composite film (No permeability measurements were taken with this system)
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6FDA dianhydride 3,3 '-APB d iam ine
15% so lid s  in 
DMAc a t  25°C 
 >
OH
CN
COOH 
Polyam ic Acid
T herm al im idization 
a t  350°C
 >
La(acec), 2H,0
CF.CF.
N
O
6FDA 3,3 '-APB Polyim ide
[Figure 7.3.3] Chemistry of Bulk Only Metalized Lanthanum-oxide 
6FDA-APB composite film
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PdCl2 + SMe2
(or PdBr2 ) ( dimethyl sulfide)
DMAc
POLYMER
SOLUTION
BTDA/ODA
BTDA
+
Pd(SMe2)2Cl2
(Palladium dimethyl 
sulfide)
15% solids in 
-NH2 DMAc at 25°C
4,4' ODA
- 2 H 20
n
d  O ft O d  / =
~ N  — C  N  - \ _ / >  °  A  //I-  hea*
H O -tr^^  “^ Sr-O H  
O  O
poIy(amic acid) form of BTDA/ODA
O  O
N - A  t
II
polyimide form of BTDA/ODA
[Figure 7.3.4] Chemistry of Metalized Palladium -  BTDA/ODA composite film
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o
Precure at 25 C for 8 hours.
Thermally cure to effect Pd 
(II) reduction and 
cycloimidization. Typical
cure cycle: 135°C for 1 hr, 
135-300°C over 4 hours, 1 
hr hold at 300°C. 
dissolved.
Palladium metal surface 
with nanometer-sized 
particles remaining in / 
the bulk. i
[Figure 7.3.5] Surface Metalization Scheme for Palladium-doped hybrid 
systems.
Solvent weight loss data
If  solvent remains in the membrane prior to polymerization, it may lead to 
film bubbling and poor distributions of nanoparticles. Ideally, all solvent should be 
removed before the curing reaction occurs.
Experiments with DMAC and the polyimide (PI) of 6FDA-APB polymer 
showed that more than 97% of the solvent weight is lost after 24 hours in a dry air 
box under continuous air flow [Figure 7.3.6]. Most of the weight is lost in the first 3 
hours. The experiment was repeated with different solvents and the poly(amic acid) 
form of the polymer, with the identical results.
Pd doped BTDA/4,4- 
ODA poly (amic acid) 
in DMAc is cast as a 
film on a glass place. 
Pd(II) is homogenously
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The remaining 3% of solvent represents about 0.02% by weight in the 
polyimide-metal-solvent mix, therefore adding negligible interactions.
100 
98 
96 
94 
92 
90 
88 
86
02:24 07:12 12:00 16:48 21:36
Time (hours)
I ♦ Neat 6FDA-APB m 4.44% Ho (acec) a  4.44% Gd (acec)
[Figure 7.3,6]
DMAC Solvent Loss in air drying (6FDA-APB PI)
*  In le s s  than
24 hours,
■ 97% of the
solvent has 
■ evaporated.
A
B
A
&
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8.0 Analysis and Discussion of Data -  Permeability Control
8.1 Surface Characterization
Surfaces were characterized via scanning electron microscopy. Surfaces were 
sputter coated with gold and examined.
SEM was used primarily to compare the surface metalization of a series of
y 40 -
y
|  30 -  
2 0 -
135 4 h 300° and constant
0 60 120 180 240 300 360 420 480 540
Time (min)
[Figure 8.1.1] Reflectivity as a function of cure time/temperature for 
AgTFA-6FDA/4-BDAF poly(amic acid) films prepared in DMAc-filled 
circles, NMP-open circles, and DMF-triangles from silver acetate and 
trifluoroacetylacetone. Time zero is after heating to 135 °C for 1 h.
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silver metalized films. Initially, the curing parameters for establishing a cohesive 
metal layer on the surface were determined by measuring the reflectance of a film 
cured at various amount o f time at temperatures above 135°C (Figure 8.1.3). It was 
found that the reflectivity peaked, independent of solvent, at a very distinct time in 
the cure. Reflectance is a very direct and convenient method to monitor the surface 
metalization process.
To further establish the surface characterization, SEM pictures supplemented
DMAc 300 °C for lh  DMAc 300 °C for 2h
R = 72% R = 57%
1000
[Figure 8.1.2] 8% Ag-6FDA/BDAF SEMs for silver acetate, 
trifluoroacetylacetone, poly(amic acid) films prepared in DMAc and cured to 
maximum reflectance and 1 hour further
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the information. Figure 8.1.2 shows (on the left) a silver-doped polyimide film cured 
to maximum reflectance, and (on the right), the same surface cured one hour further. 
The clusters on the left appear smaller and more distinct, while those on the right 
appear to be have grown in size.
8.2 Bulk characterization 
TEM analysis
Transmission electron microscopy was used to characterize the bulk and 
surface of the metal loaded membranes.
Figures 8.2.1 and 8.2.2 show the bulk and surface of a 4.64% lanthanum - 
6FDA-APB hybrid membrane. There is not a significantly higher concentration of 
metal at the surface. In both figures, the metal oxide particles are visible and appear 
uniformly distributed within the film. Distinct clusters cannot be seen very clearly. 
This could be poor quality of photography or resolution of the instrument, or, as 
observed by Fritsch1, the boundary layers of the clusters themselves may not be very 
well-defined. Whatever the reason, it is difficult to estimate the average diameter of 
the clusters. It appears they are range between 10 and 30 nanometers on average.
Figures 8.2.3 and 8.2.4 both picture the center o f a 4.44% holmium-doped 
6FDA-APB membrane. The particles are more distinguishable on the first photo, 
while in the second, higher magnification picture, clusters can be observed that have 
some variation in diameter, ranging from 10 to 50 nanometers.
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Figures 8.2.5, and 8.2.6 capture a 4.44% gadolinium-doped 6FDA-APB film 
in the bulk, and air-side surface respectively. Unlike the other rare earth films, there 
is what appears to be a concentration of metal at some points on the air-exposed 
surface. Though it is not continuous, this could suggest that the barrier properties of 
this film may be different than the other rare earth oxides. Here the particle size 
ranges from 10-50 nanometers.
From the TEM analysis, overall, we conclude that all three of these “non­
reactive” systems (La, Ho, Gd) successfully distribute metal particle throughout all 
depths o f the membrane at a uniform concentration on the nanoscale.
Surface Metalized Films
Figure 8.2.7 offers a view of the entire thickness of a surface metalized 5.2% 
palladium BTDA/ODA film. The total thickness o f the film is close to 10 microns, 
and there is clearly a surface concentration o f palladium on the air-exposed side 
during the thermal imidization. Examination of the surface layer (Figures 8.2.8, 
8.2.9) show a continuous layer of palladium of 60-70 nanometers thick, and the film 
is surface conductive (4.8 ohms per square measured with an Alessi four-point 
probe). A study of the particle diameter at depths 1000 nanometers from the air 
surface, in the center o f the film, and at 1000 nanometers from the interior (glass side 
surface) is summarized in Table 8.2.1.
From the depth profiling of the surface and bulk metalized palladium system, 
the average size o f the nanometer-scaled clusters increases gradually at greater
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depths. At a depth of 1000 nm from the surface metal layer, the particles average a 
diameter o f 9.9 nm, while at the same approximate distance from the interior 
depth,the average diameter is closer to 11.5 nm. This small change, reflects the fact 
that most o f the particles are of an average size. There are more particles close to the
metal
Picture no. Depth Diameter of particle (nm)
Approximate 
no. of particles 
of each 
diameter
19440 (1000nm from surface) 14.4 12
9.0 28
5.7 7
average diameter 9.9
total no. of particles 92
(all diameters)
19442 (center of membrane) 15.8 12
11.2 24
5.4 14
average diameter 10.7
total no. of particles 88
(all diameters)
19441 (1000nm from interior 
edge)
18.8 2
15.4 14
9.2 12
4.5 6
average diameter 11.5
total no. of particles 55
(all diameters
[Table 8.2.1] Summary depth profile of PdCh (on surface and bulk) films 
at surface, middle and inner edge depths of the membrane.
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surface than there are at deeper locations, while the number of particles decreases as 
you go further from the surface. This could suggest that the barrier properties of this 
film may be different than the lanthanum and holmium rare earth oxides films.
Figures 8.2.14 shows the surface of a conductive (0.42 ohms per square) 13% 
silver-metalized nanoparticle film. The bulk (Figure 8.2.15) and interior, glass-side 
o f the film (Figure 8.2.16) clearly show that silver particles are dispersed throughout 
the membrane. The visible difference between the conductive (Figure 8.2.14) and 
non-conductive (Figure 8.2.17) is negligible; both films appear to have a 
concentrated, but discontinuous, silver layer at the side o f the film exposed to air 
during the thermal cure of the BTDA-ODA-metal film. The metal clusters range 
from 10-70 nanometers in diameter. On the interior, glass-sides of the film (Figures 
8.2.16 and 8.2.19) the average particle size diameter is significantly larger for the 
conductive film (average d=50 nanometers) compared to the non-conductive (average 
d=20 nanometers).
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100 nm
[Figure 8.2.1] 4.44%Lanthanum bulk of 6FDA-APB film
19617
100 nm
[Figure 8.2.2] Surface of La 4.44% 6FDA-APB film
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
139
100 nm
[Figure 8.2.3] 4.44% Holmium bulk o f 6FDA-APB film
19757
100 inn
[Figure 8.2.4] 4.44% Holmium bulk of 6FDA-APB film
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[Figure 8.2.5] 4.44% Gadolinium bulk of 6FDA-APB film
19800
100 nm
[Figure 8.2.6] Air-exposed surface of 4.44% Gadolinium bulk 
of 6FDA-APB film
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: i
r
1000 nm
[Figure 8.2.7] Large view of entire thickness film -  surface 
metalized 5.2% palladium metal, BTDA-ODA.
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i  'W75
100 nm
[Figure 8.2.8] Palladium 5.2% surface metalized film, 
BTDA-ODA.
-*• -•* jr'  *
19379 -
100 nm
[Figure 8.2.9] Palladium 5.2% surface metalized film, 
BTDA-ODA.
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[Figure 8-2.101 Palladium 5.2% bulk picture of surface 
metalized film, BTDA-ODA.
100 nm
[Figure 8.2.11] Surface metalized 5.2% palladium 
conductive, lOOOnm from metalized surface
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
[Figure 8.2.12] 1000 nm from interior (glass side) 5.2% 
palladium (scale is same as below)
19378
100 nm
[Figure 8.2.13] Interior (glass side) of a surface metalized 
5.2% palladium conductive bulk
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[Figure 8.2.14] 13% silver conductive surface 300°C 5 h
19423
100 nm
[Figure 8.2.15] 13% silver conductive bulk 300°C 5 h
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19323
100 nm
[Figure 8.2.16] 13% silver conductive film, glass side 300°C 5 h
19328
100 nm
[Figure 8.2.17] 13% silver non-cond. glass side 300°C 1 h
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[Figure 8.2.18] 13% silver non-conductive bulk film 300°C 1 h
glass side
19330
100 nm
[Figure 8.2.19] 13% silver non-cond. glass side 300°C 1 h
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8.3 Permeability Data
8.3.1 Non-reactive membranes: Lanthanum
In order to prepare the films for gas permeability measurements, poly(amic acid) 
solutions were prepared that contained 15% solids (w/w) by adding 3,3'-APB 
diamine and dimethylacetamide (DMAc) with brief stirring before addition of 6FDA 
dianhydride. Films were prepared using the pre-imidized form of the 6FDA-APB, 
since it the imide is also soluble in DMAc. Lanthanum (III) (La(acac)3(H20)2) in 
DMAc was added to the polyimide solution with 4.64, 3.02, and 1.79% w/w metal 
content and stirred for 2-4 hours prior to casting o f films.
From the lanthanum(III)-containing 6FDA-APB polyimide solutions, films were 
cast onto glass plates, and DMAc was allowed to evaporate at 25°C until the film was 
tack-free. During all stages o f solvent evaporation the lanthanum(III) complex 
remained soluble and fully dispersed in the polymer matrix. Thermal curing o f the 
clear lanthanum(III)-polyimide films to 300°C induces the reduction of complexed 
lanthanum(III) to lanthanum oxide. For more details into the mechanism of 
imidization, please refer to section 7.3.
Gas permeation experiments were carried out for FL, O2 , and CO2 at 20°C 
under a feed pressure o f 3 bar. Our colleague, Dr. Eliane Espuche, performed the gas 
permeability measurements at the University o f Claude Bernard in Lyon, France. The 
permeation cell consisted of two compartments separated by the studied metalized 
membrane. A preliminary high vacuum desorption was realized to ensure that the 
static vacuum pressure changes in the downstream compartment were smaller than
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the pressure changes due to the gas diffusion. The pressure variations in the 
downstream compartment were measured with a datametrics pressure sensor. The 
permeability coefficient P expressed in Barrer units (1 Barrer = 10‘10 cm3sTP cm cm"V 
1 cmHg"1) was calculated from the slope of the steady-state line. The diffusion 
coefficient D (108 cm V 1) was deduced from the time lag provided by the 
extrapolation of the steady-state line on the time axis. Then the solubility coefficient
(S) was calculated from the measured values o f the permeability (P) and diffusivity 
(D) coefficient using the relationship P=DS.
In the 6FDA-APB system, significant change in permeability character resulted 
from the in situ metalization process compared to the neat polyimide (Table 8.3.1). 
The chart contains 3 different volume percentages of metal; 0.42%, 0.71%, and 
1.00% lanthanum oxide contained in the final form of the film.
<()d(%) P 0 2 (Barrer) 0.01 P H2 (Barrer) 0.01 P C 0 2 (Barrer) 0.01
0.00 0.38 8.42 1.48
0.42 0.36 7.86 1.39
0.71 0.34 7.21 1.19
1.0 0.33 7.25 1.27
[Table 8.3.1.1] Permeability Coefficient Measurements
Permeability coefficients for oxygen, carbon dioxide, and hydrogen were each 
reduced with increasing metal concentration. This decrease of permeabilities in our 
systems is a much higher reduction than expected just from theoretical predictions. 
Maxwell determined, from the fractional volume of non-permeable particles in a 
polymer, that the barrier properties o f a polymer are enhanced. This enhancement of 
the barrier properties is related to an increase of the tortuosity, t 2'4. Tortuosity is a
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term that describes the idea that when particles are loaded into a system, a penetrant
C 0 2
[Figure 8.3.1.1] The “tortuous” path of a penetrant, in this case 
carbon dioxide, through a inorganically loaded membrane
molecule cannot travel the shortest distance through the material. Instead, it must 
meander around the inorganic particles in a “tortuous” fashion (Figure 8.3.1).
Given an impermeable dispersed phase, (such as any inorganic suspended in 
organic media) the simplified Maxwell equation for a two-component system 
calculates the theoretical permeability coefficient of a membrane, P, to equal:
P = PC [2 (l-fa )/(2 + fa )\
[Equation 8.3.1.1]
Where fa = volume fraction o f impermeable spherical particles and Pc is the 
permeability coefficient of the neat membrane. The equation predicts a 1.5% decrease 
in permeability factor for the highest volume fraction sample (l% v/v). Experimental 
values observed show a decrease in permeability o f about 15% to hydrogen, oxygen, 
and carbon dioxide. Overall, a ten-fold decrease in permeability is observed beyond
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theoretical predictions based on volume percent spherical particles for each 
concentration of metal doping. Thus, in our case, the order o f magnitude decrease in 
permeability coefficients is much greater than predicted by the Maxwell equation and 
represents a pronounced tortuosity effect. Clearly the effect that lanthanum metal has 
on the polyimide is to increase the total path length, thereby increasing the barrier 
properties. This suggests that nanometallic particles are an excellent method for 
creating a tortuosity effect and decreasing permeability. Equally important, the 
process is much easier to implement than for clay, which is difficult to orient within 
the polymer matrix in an exfoliated fashion5.
<|>d(%) volume % P O2(Barrer)±0.01 PH2 (Barrer) ±0.01 P C02 (Barrer) ±0.01
expt. I theo. expt. I theo. expt. I theo.
0.00 0.38 0.38 8.42 8.42 1.48 1.48
0.42 0.36 0.38 7.86 8.37 1.39 1.47
0.71 0.34 0.38 7.21 8.33 1.19 1.46
1.0 0.33 0.37 7.25 8.29 1.27 1.46
[Table 8.3.1.2] Comparison of experimental and theoretical 
permeability for 3 concentrations of La doping
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[Figure 8.3.1.2] Comparison of theoretical and experimental results for 
three concentrations of lanthanum-doped 6FDA-APB films
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Selectivity Relationships
The permeability coefficients observed for the neat polyimide system are 
consistent with literature results6. Upon addition o f lanthanum metal 
nanoparticles, the permeabilities of all three gases are decreased approximately 
equivalently upon the addition of metal nanoparticles; no significant selectivity 
to one gas over another is observed. However, doping this system with nanoparticles 
of a gas active metal, which would interact with specific gases, would create a 
potential selectivity relationship in addition to the already established impermeability 
enhancement due to the tortuosity effect of the metal particles.
gas neat 6FDA-BDAF Barrers±0.1
4% La doped 
6FDA-BDAF 
Barrers±0.1
CM
X0
- 41.2 45.6
P C 02 26Y "’
p n |§  1 1 (1 |
01H2/O2 8.2 8.3
(XGO2/O2
d o 2 5.4E10_iW / s not measurable
d c o 2 1.6E10'b cuf/s 2.0E10‘Bcnf/s
d n 2 8.7E10'Bcnf/s 1.0E10'Bcnrf/s
[Table 8.3.1.3] 6FDA-BDAF metal hybrid films show no effect 
on the permeability coefficient
A similar experiment, using the 6FDA-BDAF system, produced very different 
results when lanthanum was added to the system (Table 8.3.1.3). Permeability
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actually slightly increased with the addition of metal particles to the film, or had no 
effect on permeability or selectivity. Because o f the promising results found with the 
6FDA-APB system, the 6FDA-BDAF system was no longer used. Nevertheless, 
small angle x-ray scattering (SAXS) measurements taken in France showed that the 
lanthanum particles in the 6FDA-BDAF had a different size and separation 
distribution that the 6FDA-APB metal-loaded films. Thus this “negative” result with 
regards to permeability effects is instrumental in developing a full understanding of 
why and when nanoparticles create a tortuosity effect.
Conclusions: Non-reactive rare earth oxides
Our initial results demonstrate that lanthanum nanocomposite films in bulk have 
the potential to significantly increase the barrier properties of a selected polyimide. 
Lanthanum aggregates properly sized and dispersed in the bulk o f a membrane create 
a unique barrier effect, significantly greater than the barrier effects predicted by the 
Maxwell theory. Interpretation of the exact nature of morphological and chemical 
effect, significantly greater than the barrier effects predicted by the Maxwell theory. 
Interpretation of the exact nature of morphological and chemical effect, significantly 
greater than the barrier effects predicted by the Maxwell theory.
Interpretation o f  the exact nature o f  morphological and chemical transformations 
occurring in the bulk of this material will be aided by ongoing experiments using the 
small angle x-ray scattering (SAXS) technique and angle resolved x-ray 
photoelectron spectroscopy (ARXPS). In addition, thermal gravimetric analysis
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(TGA) and in situ measurements using frequency dependent dielectric microsensors 
are being used to monitor the details o f the kinetics o f the lanthanum complex’s 
decomposition.
Lanthanum nanoparticles have the ability to significantly enhance (ten times the 
predicted change based on volume percent) the barrier properties o f the polyimide.
8.3.2 Gas Active Metal Membranes
Nanocomposite-polyimide films were synthesized with surface and bulk 
metalized portions, or just metalized bulk portions without a surface concentration of 
metal. Using a 3,3'4,4'-benzophenone tetracarboxylic acid dianhydride (BTDA), 
4,4'-oxydianiline (ODA) polyimide matrix, permeability and selectivity relationships 
to penetrant gases for a 5.2% palladium doped film were determined and analyzed. 
For surface metalized films, a palladium chloride metal complex was used. For the 
bulk-only metalized films, a palladium bromide complex was used.
The protocol for making the hybrid palladium membranes involves the in situ 
synthesis o f the soluble complexes of palladium(II) in dimethylacetamide (DMAc) 
containing the poly(amic acid) form of BTDA/ODA. Dichlorobis(dimethylsulfide)- 
palladium(II) (or dibromobis-(dimethylbromide) palladium (II)) is synthesized in 
DMAc solution from palladium (II) chloride (or palladium bromide) and
t n
dimethylsulfide. From the palladium(II)-containing poly(amic acid) solutions, films 
are cast onto glass plates, and DMAc is allowed to evaporate at 25°C until the film is 
tack-free. During all stages o f solvent evaporation the palladium(II) complex remains 
soluble and fully dispersed in the polymer matrix. Thermal curing of the clear
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palladium(II)-poly(amic acid) films to 300°C effects ring closure to give the 
polyimide and induces the reduction of complexed palladium(II) with concomitant 
formation of a highly reflective and or an electrically conductive, 60-80 nm palladium 
mirror which exhibits excellent adhesion to the polyimide surface in the case o f the 
palladium chloride system. With palladium bromide, no surface concentration of 
metal results, only in the bulk contains palladium nanoclusters uniformly distributed.
3,3'4,4'-benzophenone tetracarboxylic acid dianhydride (BTDA) was obtained 
from Allco and dried for 5 hours at 150°C before use. 4,4'-oxydianiline (ODA) was 
used as received from Wakeyama. Poly(amic acid) solutions were prepared that 
contained 15% solids (w/w) by adding diamine and DMAc for brief stirring before 
addition of dianhydride. Dichloro palladium (II) (PdCl2) or dibromo palladium 
(PdBr2) and dimethylsulfide (SMe2) were used as received and added in DMAc with 
stirring for several hours to form Pd[(CH3)2S]2Cl2 (or Pd[(CH3)2S]2Br2). The chloride 
precursor creates a surface metalized fdm, while the bromide complex only forms 
nanoparticle clusters in the bulk. The polyamic (acid) solution was stirred at room 
temperature for 6 hours before the palladium complex was added in a 4:1 
dianhydride: palladium molar ratio, with a 5.2% weight percent metal content, which 
corresponds to a 0.998 volume percent o f metal (in tables, 1% vol).
Mechanism of Reaction
Previous XPS (x-ray photoelectron spectroscopy) measurements showed that 
the metalized surfaces (for the Pd Cl2 system) contain only Pd(0) on the surface, while 
the bulk portion of the material contains a mixture of unreduced Pd(II) and a small
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amount o f Pd(0)7. Although further examination is needed, we theorize that the 
electron for the reduction o f palladium(II) -> palladium(O) comes from the DMAc 
solvent that the poly(amic) acid is dissolved in, or dimethylsulfide (SMe2). Another 
potential candidate for the source of this electron is the polymer. However, this 
method of reduction is questionable since the 2-electron loss would be rather taxing 
on the polymer and result in serious embrittlement at the interface and bulk.
Surface/Bulk and Bulk Metalized Membrane Membrane
A significant change in permeability character results from the in-situ 
metalization process bulk-only metalized film compared to the neat polyimide (Table
Bulk 5.2% by wt., 
1% by vol. Pd 
BTDA-ODA
Neat
film
Pd Bulk 
(sample 1)
Pd Bulk 
(sample 2)
Average 
Pd Bulk 
values
% Change 
on
addition 
of Pd
Change 
in P ratio 
of
expt/theo
(PdBr2)
Ip He (barrer) ±0.01 4.52 Notmeasured 3.05 3.05 32.52 21.83
P02 (barrer) ±0.01 0.14 0.11 0.11 0.11 23.57 15.82
D02 (10 y cm2 s'1) 
±0.01 2.13 2.0 1.6 1.80 15.49
S02 (10'J cm3 cm'J 
cmHg'1) ±0.01 6.6 5.3 6.75 6.03 8.63
PH2 (barrer) ±0.01 3.48 2.07 2.05 2.06 40.80 27.39
DH2 (10'8cmz s'1) 
±0.01 700* 120 206 163.00 76.71
SH2 (10'  ^cmJ cm'3 
cmHg'1) ±0.01 0.05 0.17 0.099 0.13 -169.0
[Table 8.3.2.1] Observed decrease in permeability for metal loaded (non­
surface metalized) palladium bromide BTDA-ODA metal hybrid film
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8.3.2.1). Permeability coefficients for oxygen, carbon dioxide, and hydrogen were 
each reduced by approximately one third. This is a much higher reduction than 
expected just from theoretical predictions. Recall, Maxwell determined, from the 
fractional volume of non-permeable particles in a polymer, that the barrier properties 
o f a polymer are enhanced. We also know that small, nanoparticles, clay being an 
excellent example, create a “tortuous” path, by increasing the path length a penetrant 
molecule must travel to exit the membrane. This significant enhancement of the 
permeability beyond predicted by Maxwell’s equation, is described by the tortuosity 
term, t .
In the bulk metalized, palladium bromide system, the overall 20-40% decrease 
in permeability coefficients is much larger than predicted by the tortuosity equation 
and represents a pronounced tortuosity effect similar to clay particles. For this bulk 
metalized system with a volume percent o f palladium o f approximately 1% (or weight 
percent of 5.2), the Maxwell equation predicts that the permeability coefficient will 
be decreased by 1.48%. We observed decreases of 24% for oxygen, 33% for helium, 
and 41% for hydrogen. Cumulatively, that corresponds to an enhancement effect of 
the barrier properties 15 to almost 30 times greater than predicted by Maxwell. Thus 
the effect that palladium metal has on the polyimide is to increase the total path 
length, thereby increasing the barrier properties and suggesting a very important 
tortuosity component that is not fully anticipated by the Maxwell equation.
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Surface/ Bulk 5.2% by 
wt., 1% by vol. Pd 
BTDA-ODA (PdCI2)
Neat
film
Pd S/B 
(sample 1)
Pd S/B 
(sample 2)
Average 
Pd S/B 
values
% Change on 
addition of Pd
P He (barrer) ±0.01 4.52 Notmeasured 2.50 2.50 44.69
P02 (barrer) ±0.01 0.14 0.07 0.077 0.07 49.29
D02 (1 O'9 cm2 s"1) ±0.01 2.13 1.34 1.16 1.25 41.3
S02 (10‘3 cm3 cm'3 cmHg'1) 
±0.01 6.60 4.85 6.64 5.74 13.03
PC02 (barrer) ±0.01 0.57 0.26 0.26 0.26 54.74
DC02 (10'10cm2 s'1) ±0.01 4.20 2.52 2.52 2.47 41.20
SC02 (10'1 cm3 cm'3 cmHg' 
1) ±0.01 1.36 1.03 1.04 1.04 23.53
PH2 (barrer) ±0.01 3.48 1.8 1.75 1.77 49.14
DH2 (10‘9 cm2 s'1) ±0.01 700±10* 4.34 3.82 4.08 99
SH2 (10'2 cm3 cm'3 cmHg'1) 
±0.01 0.05 4.14 4.58 4.36 -8620.0
[Table 8.3.2.2J Permeability results for a 5.2% surface and bulk metalized 
palladium chloride BTDA-ODA membrane (* difficult to measure)
Between the neat and surface metalized palladium chloride membrane, the 
most significant modification to penetrant ability is with the diffusivity coefficient 
(D) and solubility coefficient (S) of hydrogen gas (Figure 8.3.2.2). The permeability 
coefficient experiences about a 50% reduction to all gases, compared with a 20-40% 
reduction (depending on the gas) for the bulk only metalized palladium bromide 
system. The surface layer o f metal has a much larger effect on overall permeability,
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but actually results in no selectivity as it has increased the barrier to all gases by the 
same amount. Examination o f the competing processes that determine the 
permeability coefficient tell a more complicated story, suggesting that despite the 
permeability change for each gas being about the same, the metal is interacting 
differently with each gas. Particularly in the case o f hydrogen gas, the diffusivity 
decreases dramatically from the value for the neat film that is immeasurably large 
(700 10'9 cm2 s"1 or greater). The solubility coefficient experiences only a slightly 
smaller change, increasing from 0.05 to 4.36. The permeabilities of oxygen and 
carbon dioxide also drop due to the addition o f the metal particles, but this is due to a 
drop in both solubility and diffusivity coefficients. Hydrogen gas is the only 
penetrant that interacts with the metal particles in such a way to greatly reduce 
solubility, while also greatly increasing diffusivity. Because palladium readily 
absorbs hydrogen, the method of penetration is distinctly different than the other non­
interacting gases.
Selectivity Relationships
Given the kinetic diameter of gases
H2: 2.34A < He: 2.65A < 0 2: 2.92A < C 0 2: 3.23A
This relationship does not explain why helium would travel so relatively quickly and, 
alternatively, oxygen so slowly. Clearly there are other factors involved than purely
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
161
penetrant diameter, since this diameter relationship is not consistent with observations 
for the neat polyimide, the metal-doped fdm, or other polymer systems6. While 
palladium does not have an overall unique effect on the permeability o f hydrogen, it 
does have a pronounced effect on both solubility and diffusivity parameters. There is 
a special interaction between hydrogen and palladium, as discussed above. The 
hydrogen gas molecule may actually become atomic when confronted by the barrier 
o f metal, allowing the tiny atoms to have an increased ability to permeate. 
Comparing surface and non-surface metalized fdms for selectivity (Table 8.3.2.3), it 
is apparent that the bulk metalized membrane actually decreases selectivity 
(compared to the neat membrane), while the surface and bulk metalized fdm 
moderately advances the selectivity ability o f the polyimide-hybrid material.
neat Pd Bulk (non­
surface)
Pd Surface 
and Bulk
01H2/O2 24.9 19.3 25.3
aHe/Hz 1.3 1.5 1.4
aHe/02 32.3 28.5 35.7
[Table 8.3.2.3] Selectivity comparison between non-surface metalized 
and surface/bulk metalized palladium BTDA-ODA 
Thickness of Metal layer
Efforts to increase the thickness of the surface palladium layer were stymied 
by the embrittlement of our fdms. This was attempted with fdms of 10% palladium. 
These results suggest that increasing the thickness of the surface metalized layer may
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be aided by using an inert reaction environment. Palladium may be degraded by 
extended contact with atmosphere below temperatures o f 300°C. However, alloys of 
palladium do not experience embrittlement degradation at non-elevated temperatures. 
Consequently, future work in this area may focus on metalization of alloys, and 
slightly higher concentrations (but lower than 10% due to our observations that a 
concentration o f palladium this high may always embrittle the polyimide).
Conclusions: Gas Active Systems
Our initial results demonstrate that palladium nanocomposite films in bulk and 
surface have the potential to significantly effect the barrier properties of a selected 
polyimide. Palladium in the surface and bulk creates a unique interaction between the 
penetrant molecules and the polyimide, particularly in the case of hydrogen gas. 
Interpretation of the exact nature o f chemical transformations occurring in both 
surface and bulk locations of this material will be aided by ongoing experiments
5.2% Pd BTDA-ODA
Neat
polymer
film
PdBr2 Bulk 
(non­
surface)
%
decrease
PdCI2 
Surface and 
Bulk
%
decrease
Permeability Coeff. He 
(barrer) 4.52 3.05 33 2.5 45
Permeability Coeff. 0 2 
(barrer) 0.14 0.11 24 0.07 50
Permeability Coeff C02 
(barrer) 0.57
not
measured N/A 0.26 55
Permeability Coeff. H2 
(barrer) 3.48 2.06 41 1.77 49
[Table 8.3.2.4] Summary table of permeability results for palladium 
surface/bulk metalized PdCl2 and bulk only metalized PdBr2.
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using small angle x-ray scattering (SAXS) technology to study the kinetics and size 
development o f the nanoparticles.
Using an inert gas for thermal imidization, may allow the brittle degradation 
o f the palladium surface to be minimized. A higher concentration of metal and 
therefore thicker surface layer may be potentially obtained by curing at non-elevated 
temperatures under nitrogen or argon, or with a different polyimide structure.
Other parameters are currently being examined, such as the effect o f feed 
pressure, and which side o f the film (metalized or the back, “interior” side) is first 
exposed to the gas penetrant. In other words, will different relationships be observed 
between diffusivity and solubility depending on whether the penetrant interacts with 
the metal barrier at the beginning or end of its journey? When the glass plate side, or 
the downstream side, is positioned toward the penetrant gas, the total interaction with 
the surface metalized layer may result in fewer penetrant molecules ever reaching the 
metalized surface.
Many questions remain to be answered. Nevertheless, the tortuosity effect we 
have already observed is very convincing. Palladium nanoparticles significantly 
enhance the barrier properties o f the polyimide, decreasing the permeability 
coefficients by up to 50% for surface metalized films, and up to 40% for non-surface 
metalized films (Figure 8.3.2.4). Furthermore, they are selectively active with 
hydrogen. Complete understanding of the chemistry of the process will be the focus 
o f the future of this project. Future work will focus on a complete understanding o f 1) 
the role of particle size, shape, and composition o f nanoparticles in the bulk; and 2) 
the role o f clusters of nanoparticles in the surface. Particularly important in our future
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work is the issue o f how metal nanoparticles that react with the penetrant gas reduce 
permeability and separately effect the selectivity in these hybrid systems.
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9.0 Summary Conclusions and Future Directions
The purpose of this thesis was to expand an understanding o f transport 
through polymeric systems. As different as the two areas studied, they are tied 
together by the common sphere of science that seeks to expand edge o f our 
knowledge in the area o f polymer characterization.
Ion mobility time o f flight measurements have been shown to be able to 
isolate and measure charge carrier mobility. To get accurate measurements of 
mobility one needs to carefully select and control the field strength and pulse length. 
The correct pulse length and voltage need to be selected relative to the spacing of the 
electrodes and the viscosity of the material. Only measurements with appropriately 
selected applied fields and pulse lengths provide an accurate measure of changes in 
mobility with changes in viscosity.
Through the study o f the ion-time-of-flight measurements, we have proven a 
useful method to determine the mobility of ions in a polymeric liquid. We have 
established a basis for adapting the parameters of voltage, pulse length, sensor 
geometry, and temperature to allow for the measurement technique to be applied for 
the duration o f a thermosetting resin cure. Furthermore, we have estimated the 
number o f charge carriers in our system at a given point in time. Understanding of 
exactly the reason why and how the number of charge carriers change is part of the 
future work to be pursued beyond the contents o f the current study.
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Through an in situ metalization technique, polyimide films were synthesized 
and shown to have enhanced barrier properties to gases penetrating through the films. 
The enhancement found was up more than ten times the theoretical predictions based 
on the content o f impermeable dopant. Although significant selectivity, or favoritism 
to permeability of one gas over another, was not observed, an examination of the 
relationship of the diffusivity and solubility encourages the investigators that future 
synthesis may succeed in a selective membrane. Once significant selectivity is 
achieved, gas mixtures can be tested to see how separation works. Koros et al noticed 
that in gas mixtures, slow gases may hinder fast gases, and vice versa in binary gas 
mixtures1. As the ideas presented in this dissertation are expanded, one must consider 
not only gas/polymer interactions but also the gas/gas interactions when evaluating 
permeability o f mixed gases.
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